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Two central European loess/paleosol sequences (MIS 6-2), from central Bohemia (Zeměchy) and southern
Moravia (Dobšice), situated in the important climatic transition zone between the oceanic (Atlantic) and conti-
nental climate regimes,were investigated for rockmagnetism, geochemistry, grain size andmicromorphology. In
both sites the magnetic profile shows good agreement with the standard model of magnetic enhancement in
paleosols as established in the Chinese loess. The magnetic signal is dominated by the presence of fine-grained
magnetite and maghemite, formed in-situ and controlled by the intensity of soil formation. Magnetic proxies
corresponded to proxies of chemical weathering and leaching intensity such as the Chemical Index of Alteration
(CIA), the Cation Exchange Capacity (CEC) and the Rb/Sr ratio (correlation coefficient r = ∼0.6–0.93) during the
whole Lower Weichselian (MIS 5d–5a) and, in general, also during the Pleniglacial (MIS 4-2). Nevertheless, for
the Eemian period (MIS 5e) this relationship was not always valid, either due to weak magnetic enhancement
(at Dobšice) or even weak depletion of the magnetic minerals with soil formation (at Zeměchy). The presented
data demonstrate thatmagnetic signals can be overprintedmore easily than chemical proxies during later diage-
netic events, and are hence not in all cases reliable for deciphering paleoclimate changes during all periods of the
studied time interval. Rock-magnetic, geochemical and micromorphological results suggest drier conditions in
southernMoravia compared to central Bohemia during theWeichselian Glacial, probably due to themore conti-
nental climate in southern Moravia.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Loess/paleosols sequences (LPSs) of the last climate cycle kaleido-
scopically cover wide areas of the European continent and provide a
valuable archive of the Upper Pleistocene paleoenvironment there. Yet,
as indicated by many large scale geographic comparisons (e.g. Kukla
1977; Pye, 1987; Derbyshire et al, 1988; Bronger and Heinkele, 1989;
Pécsi, 1990; Haesaerts and Mestdagh, 2000; Marković et al., 2008; Jary
and Ciszek, 2013), European LPSs are marked by regional differences
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and pronounced facies variability in their pedosedimentary records
that complicate finer super-regional correlations (Kemp, 2001).
Such complications are especially evident in a transect from sub-
oceanic (Atlantic) regions towards more continental areas, appar-
ently due to the influence of the different climate regimes. Detailed
studies of geographic and environmental variation in regional responses
to general climate trends during the Upper Pleistocene are therefore of
high priority for Quaternary science in Europe. A dense network of
reliably-dated, high-resolution records from different geographic loca-
tions is a basic prerequisite for such spatial analyses (Frechen, 2011;
Muhs, 2013).

For a particular LPS, a detailed history of the paleoenvironmental cir-
cumstances responsible for the pedogenetic and diagenetic processes
(Zhang et al., 2007; Bloemendal et al., 2008) can be reliably reconstruct-
ed using instrumental mineral-magnetic and geochemical analyses
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(Wang et al., 2012). However, in order to reflect the different ways of
mineral-magnetic enhancement in sediments and soils (the Chinese
vs. Alaskan-Siberian scenario), or the post-depositional loss of ferro-
magnetic particles (e.g. Begét et al., 1990; Bogucki et al., 1995;
Vodyanitskii et al., 2007; Liu et al., 2007; Bábek et al., 2011; Baumgart
et al., 2013; Buggle et al., 2013a; Gocke et al., 2014), combining themag-
netic and geochemical analyses is quite important. Thus the direct pa-
leoclimatic interpretation of the rock-magnetic record can be
corrected and/or improved (Evans andHeller, 2003;Maher et al., 2003).

In European loess research, a large number of studies combining geo-
chemical, rockmagnetic and sedimentological approaches have appeared
during the last decade. These provide a relatively dense network of con-
tinuous LPS records that cover the area of north-westernGermany, south-
ern and eastern Poland, western Ukraine and the Danube catchment
(e.g., Antoine et al., 2010; Panaiotu et al., 2001; Marković et al., 2006;
Kravchinsky et al., 2008; Jordanova et al., 2011; Buggle et al., 2009;
Bokhorst et al., 2009; Fitzsimmons et al., 2012; Fischer et al., 2012; Jary
and Ciszek, 2013; Baumgart et al., 2013; Vandenberghe, 2013; Rolf
et al., 2014; Schatz et al., 2014; Gocke et al., 2014; Újvári et al., 2014). To-
gether, these studies provide a reliable platform for transregional com-
parisons of climate development during the Upper Pleistocene.

Within the territory of the Czech Republic a range of key loess sites
have been investigated (e.g. Dolní Věstonice, Prague-Sedlec, Kutná
Hora or Červený Kopec in Brno). These sites have provided detailed pa-
leoclimatic and pedoecological records based onmollusk and vertebrate
assemblages (Ložek, 1964; Horáček and Ložek, 1988); pollen data
(Urban, 1984); paleopedological analyses (Smolíková, 1982); and
archeological findings (e.g. Klíma et al., 1962; Svoboda et al., 1996).
Nevertheless, except from the extensive multi-proxy studies of the pro-
file at Dolní Věstonice (Oches and Banerjee, 1996; Bábek et al., 2011;
Fuchs et al., 2013; Antoine et al., 2013; Lisá et al., 2014), and the
multi-parameter magnetic characterization of the profile at Znojmo
(Zhu et al., 2001), representative analytical paleoenvironmental data
are still not available for the vast majority of loess series in the Czech
Republic.

The present paper reports rock magnetic, geochemical, grain size
and micromorphology data for two, until now, poorly-studied Upper
Pleistocene series located in the Bohemian and Moravian parts of the
Czech Republic more than 200 km apart. The study sites are situated
in a relatively dry loess area, in the important transitional zone between
Atlantic and continental macro-climatic settings. Regarding their geo-
graphical location and the methodological approach, this study helps
to fill a gap in European loess research and, furthermore, helps towards
a better understanding of the relationship between loess magnetism,
chemical weathering and pedogenic intensity.

2. Geological settings

Both study sites are located within a dry loess zone, between north
European and Alpine glaciations during glacial periods (Fig. 1). From a
paleopedological point of view, both series conform to the standard suc-
cession of Upper Pleistocene soil development that is characteristic for
this central European zone, as has been established for the area of for-
mer Czechoslovakia (Ložek, 1968; Demek and Kukla, 1969) and Upper
Austria (Fink and Kukla, 1977; Zöller et al, 1994; Frechen, 2011). The
indexing components of the succession, termed pedocomplexes (PK)
by Kukla (1961), reveal specific sequences of paleosols, loess and loess
derivates that form obvious lithostratigraphic units representing partic-
ular stages of climate development. In short, there is a good correlation
between particular lithostratigraphic units of loess sequences (PKs) and
units of the global climatostratigraphic scale (Marine and Oxygen Isoto-
pic Stages — MIS/OIS). In the region under study, this is also well sup-
ported by their numerical dating in many sites throughout central
Europe using different means: luminescence techniques (e.g. Musson
and Wintle, 1994; Zöller et al., 1994; Frechen et al., 1999; Fuchs et al.,
2013); amino-acid racemization chronology (Oches et al., 1996); and
radiocarbon dating (e.g. Klíma et al., 1962; Hatté et al., 2001; Lang
et al., 2003; Antoine et al., 2013; Kadereit et al., 2013; Újvári et al.,
2014). The Upper Pleistocene sequence covers the pedocomplexes: PK
III (corresponding to MIS 5e), represented usually by a Bt (zone of clay
accumulation in themiddle part of a soil) and BC horizons of the Eemian
forest brown soil (parabraunerde, luvisol), and an overlying steppe
chernozem; PK II (corresponding to MIS 5a and 5c) — two horizons of
chernozem separated by colluvial loess sediments (pellet sands sensu
Kukla, 1961) (MIS 5b); and PK I (a pedogenetic unit representing MIS
3), which is typically a weak brownish truncated soil of cambisol type .

The descriptions of soils and sediments of the studied sections are
based on field observations and micromorphological studies. An over-
view scheme of the sections and sampled profiles are shown in Figs. 2
and 3.

2.1. Zeměchy

The Zeměchy-section outcrops in a loess gully situated 30 km north
of Prague, near the Vltava River. Although the site has become a popular
stop of many international field excursions, it has never been studied in
detail. Beyond some basic lithological descriptions published as part of
excursion guides (Tyráček, 1995; Hošek et al., 2012), or as regional geo-
logical reports (Cílek, 1996; Ložek, 1995), only themagnetic susceptibil-
ity of the Lower Weichselian part was previously measured (Forster
et al., 1996), and five OSL dates were acquired from the Pleniglacial
part of the sedimentary record (Zander et al., 2000). The gully is a result
of recent erosion; it is 350m long and 10–15mwide, incised up to 19m
into a W–E oriented loess “dune” (greda). The pre-Quaternary geologi-
cal bedrock is composed ofweathered carboniferous arkoses. The fluvial
gravels and sands accumulated by the Knovíz streamon the bedrock are
overlaid by sandy loess corresponding to the Saalian (Riss) glacial (MIS
6, unit number Z 15 in Fig. 3).

A reddish-brown prismatic Bt1(2)-horizon and BC horizon of a forest
luvisol (parabraunerde) (layer Z14 in Fig. 3) represents the Eemian In-
terglacial. This horizon, together with brownish pellet sands sensu
Kukla (1961) (Z13) and the overlaying chernozem horizon (Z12), rep-
resents the 170-cm-thick pedocomplex PK III. A thin layer of coarse
sandy loess (Z11) on the surface of PK III may be correlated with the
loess marker sensu Kukla (1975). This layer probably represents a
phase of strong storm events and has been reported elsewhere in cen-
tral, western and eastern Europe (Kukla, 1975; Kukla and Cílek, 1996;
Antoine et al., 2010; Rousseau et al., 2013). The PK III is overlain by a
90-cm-thick layer of pellet sands (sensu Kukla, 1961) (Z10) and an ini-
tialweak brown soil (Z9) developed on colluvial sediment. The 160-cm-
thick PK II is composed of a lower dark-gray chernozem (Z8) penetrated
by frostwedges and anupper dark to black chernozem(Z6) rich in char-
coal. The chernozem soils are separated by brownish pellet sands (Z7)
with krotovinas in the uppermost part. The top of PK II is covered by a
thin layer of coarse sandy loess (Z5) (marker II) and disturbed by bio-
genic activity. The described pedocomplexes are overlain by a 6-m-
thick accumulation of sandy loess corresponding to the Pleniglacial pe-
riod (Z4, Z2). The PK I pedocomplex (Z3) from the Middle Pleniglacial
(part of MIS 3) is difficult to recognize in the field. It has developed
only as a thin, light-brownish layer with a whitish (Ca) horizon below.
A gravel layer on the surface of the soil horizon suggests erosional
events that may have removed the upper part of the paleosol and, po-
tentially, also some of the overlaying loess. The erosion events probably
occurred during warming phases of the MIS 3 interstadial that en-
hanced the seasonal degradation of the permafrost active layer leading
to solifluction-related deformation and alteration of the thin gley hori-
zon (Z2b) preserved above the interstadial soil. The assumption of in-
tensive erosion is also supported by OSL dating (Zander et al., 2000;
see Fig. 2). Samples for OSL dating, taken at a distance of 110 cm from
the loess above and below the gravel layer (original sample names
ZE14 and ZE15, respectively) suggest a considerable hiatus in relatively
continuous sedimentation (see OSL ages 51 ky and 22.1 ky). Above the



Fig. 1. Location of sites.
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position of PK I, Late Pleniglacial loess has accumulated, showing inter-
calations of several thin gley horizons. The Holocene soil (Z1) is repre-
sented by a thin horizon of dark gray, agriculturally-influenced,
chernozem soil with a Ca horizon.

2.2. Dobšice

The Dobšice section is situated on the north-western edge of the
Pannonian Basin, in the area of surficial contact between the Bohemian
Massif and the Carpathian foredeep (Fig. 1). Besides a malacological
study of selected horizons (Ložek, 1968), so far only a lithological de-
scription, including a micromorphological study, has been published
(Havlíček and Smolíková, 1995). The 15-m-thick loess/paleosol se-
quence has become exposed in the industrial complex of a former brick-
yard. The sequence overlays a Middle Pleistocene terrace of the Dyje
River. The geological bedrock of the area consists of metamorphic
rocks of the Bohemian Massif and of Neogene sediments of the Vienna
Basin (mainly clay and sands). In general, the pedosedimentary record
Fig. 2. Lithostratigraphical scheme of the stud
shows many similarities with the above-described record of Zeměchy.
Markers sensu Kukla (1975) are present (unit numbers D12, D7 in
Fig. 3) covering both PK III and PK II. The Eemian soil (D14) is developed
as a full mature Bt horizon and BC horizon of a luvisol, which is covered
by a chernozem horizon (D13). Based on micromorphological analysis
(Havlíček and Smolíková, 1995), both soils of the Eemian complex
were found to be genetically independent. In comparisonwith Zeměchy,
the chernozems of PK II (D8, D11) are more brownish (in soil taxonomy
close to the chernozem/kastanozem transition) and contain higher
amounts of silt. In the pellet sands (D9), separating the chernozems of
PK II, and also in the Pleniglacial loess (D6), the mollusk Chondrula
tridens was identified by Ložek (1968). The Dobšice site mostly differs
from Zeměchy in its development and preservation of the PK I soil
(D5), which corresponds heremore to a pararendzina (with cambic fea-
tures). In the underlying loess (D6), numerous krotovinas are present. In
the unit D3, signs of an initial pseudogley process were found. TheHolo-
cene soil, similar to that in Zeměchy, is represented by a gray,
anthropogenically-influenced soil (D1).
ied sites. *OSL dates (Zander et al., 2000).



Fig. 3.Magnetic and geochemical proxies of the studied sites together with the lithostratigraphy of the sampled profiles.
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3. Methods

3.1. Rock magnetic measurements

Unoriented sampleswere collected at 3–5 cm intervals from cleaned
profiles. The low frequencymagnetic susceptibility (χlf, here referred to
as χ) was measured at 0.976 kHz, and high frequency magnetic suscep-
tibility (χhf) at 3.904 kHz, using kappabridgesMFK1 and KLY-4 (AGICO,
Brno). The difference between the two measurements gives the
frequency-dependent susceptibility expressed here as a percentage of
χfd: χfd% = (χlf− χhf) / (χlf) × 100. The anhysteretic remanent mag-
netization (ARM) was measured using a LDA-3 demagnetizer with a
peak alternating field of 100 mT and a DC biasing field of 0.5 mT.

Values of saturated isothermal remanent magnetization (SIRM)
were imparted with a MMPM 10 pulse magnetizer using a field of
2.5 T, and back field remanence measurements were made at 200 mT.
The S-ratio was calculated as IRM_0.2 T/IRM 2.5T.

All remanence measurements were made using a JR6-A spinner
magnetometer with a noise level of 0.1 × 10−8 A m2.

The temperature-dependence of the susceptibility (TDS, χ− T) from
room temperature up to 700 °C and back to room temperature was
measured continuously with a furnace-equipped KLY-3 Kappa-bridge.
The powdered whole-material specimens for both loess and paleosol
were heated and cooled in an argon atmosphere to prevent possible
oxidation.

Frequency dependent susceptibilitymeasurementswere carried out
at the laboratory of AGICO, s.r.o. in Brno. Magnetic susceptibility of sam-
ples from the Dolní Věstonice brickyard (taken in 5 cm intervals) was
acquired using a KLY-2 Kappa-bridge (AGICO, Brno) in the Paleomag-
netic laboratory of Cologne University within the framework of a pro-
ject led by one of us in the mid-1990s. Additional rock magnetic
measurements were carried out at the Laboratory for Palaeo- and
Enviromagnetism of the University of Bayreuth.

3.2. Geochemical and grain size analyses

Element analyses were performed on an X-ray fluorescence (XRF)
spectrometer MiniPal4.0 with an Rh tube, maximal primary X-ray ener-
gy of 30 keV and a Peltier-cooled ED detector. The XRF signals of some
20 elements were determined, but only the results for Ca, Sr, Rb and K
are discussed in this paper.

For selected samples (n=25 in Zěměchy; n=22 inDobšice) conven-
tional silicate analyses after wet decompositionwere also carried out. Se-
lected components were used for calculation of the Chemical Index of
Alteration (CIA) and as verification of the accuracy of XRF data. The CIA
was calculated as CIA = [Al2O3 / (Al2O3 + Na2O + CaO* + K2O)]



Table 1
The correlation of magnetic and geochemical parameters.

χ ARM χfd SIRM Rb/Sr Rb/K CEC CIA

Dobšice χ 0.99 0.89 0.97 0.5 0.63 0.63 0.53
ARM 0.99 0.87 0.98 0.58 0.56 0.62 0.52
χfd 0.89 0.87 0.84 0.56 0.61 0.56 0.51
SIRM 0.97 0.98 0.84 0.62 0.67 0.6 0.5
Rb/Sr 0.5 0.58 0.56 0.62 0.78 0.89 0.76
Rb/K 0.63 0.56 0.61 0.67 0.78 0.74 0.76
CEC 0.63 0.62 0.56 0.6 0.89 0.74 0.85
CIA 0.53 0.52 0.51 0.5 0.93 0.76 0.85

Zeměchy χ 0.92 0.7 0.9 0.59 0.77 0.7 0.49
ARM 0.92 0.78 0.79 0.57 0.79 0.63 0.48
χfd 0.7 0.78 0.42 0.78 0.63 0.44 0.48
SIRM 0.9 0.79 0.42 0.43 0.67 0.79 0.43
Rb/Sr 0.59 0.57 0.78 0.43 0.65 0.65 0.78
Rb/K 0.77 0.79 0.63 0.67 0.65 0.74 0.71
CEC 0.7 0.63 0.44 0.79 0.65 0.74 0.73
CIA 0.49 0.48 0.48 0.43 0.78 0.71 0.73
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× 100. CaO*, referring to silicatic Ca (after Nesbitt and Young, 1982), was
obtained by subtracting acid-soluble Ca (in CaCO3) from total Ca content.
The cation exchange capacity (CEC) was determined using a procedure
proposed by Meier and Kahr (1999) for pure clay mineral specimens
and then optimized for sediments and soils (Grygar et al., 2009).
[Cu(trien)]2+ solution was obtained from CuSO4·5H2O (Penta, Czech
Republic) and trien, triethylenetetramine (1,4,7,10-tetraazadekane,
Sigma-Aldrich), and then to the final concentration 0.01 Mwith potenti-
ometric control of the constant ligand-to-metal ratio.

The solutions were analyzed by Atomic absorption spectroscopy —

AAS (Cu and Mg) and Atomic emission spectroscopy — AES (Ca and
Na). The sampleweight for analysiswas adjusted depending on its actu-
al Cation Exchange Capacity (CEC) in order to consume about 50% of
[Cu(trien)]2+ using the routine described by Grygar et al. (2009).

After removal of carbonate and organic matter by H2O2 and HCl re-
spectively, the particle size distribution was measured using a laser
granulometer CILAS 1190 LD that provides a measurement range from
0.04 to 2500 μm. For the correlation of magnetic and geochemical pa-
rameters the Pearson's correlation coefficient r was used.

3.3. Micromorphology

Oriented soil samples were taken in small Kubiena boxes (dimen-
sions 3 × 5 cm) from each lithological layer. Upon slow drying followed
by impregnation with resin, thin sections were produced from samples
in the laboratory of the Czech Geological Survey (equivalent to Bullock
et al., 1985; Stoops, 2003). The thin sections were studied under polar-
izing and binocular microscopes in the Institute of Geology ASCR, v. v. i.,
in Prague at a magnification of 16–800× and interpreted according to
Stoops et al. (2010).

4. Results and interpretation

4.1. Magnetic properties

4.1.1. Concentration related magnetic parameters
The rock magnetic records correlate well with the lithology and

showmany similarities in both sections (Fig. 3). In general, thepaleosols
are characterized by an enhancement of the magnetic signal compared
to loess units and pellet sands.

The values of χ (in 10−7 m3 kg−1) vary from 2.6 to 8.1 in Zeměchy
(Z) and from 1.2 to 6.4 in Dobšice (D). In Zeměchy, maximum χ values
(8.1) occur in the lower chernozem of PKII (layer Z9), whereas in Dobšice
these occur in the chernozem of PKIII (6.4, D13). In both sections, mini-
mum values occur in Saalian and Weichselian-Pleniglacial loess
(χ about 1–5 in Z; 1–2 in D), chernozems showing higher values of χ
than luvisols, where the magnetic enhancement occurs just in the upper
part (Bt-horizon), whereas the underlying BC horizon is characterized
by lower values of χ. This is very likely caused by the following process:
in a Bt horizon the precipitation of iron oxides occur and consequently a
higher amount of pedogeneticmagnetite in comparisonwith the BC hori-
zon can be observed (e.g. Rivas et al., 2006; Torrent et al., 2006; Jordanova
et al., 2013). The χ-values of the lower and middle part of luvisols range
between4 and5 in Zeměchy and2 and6 inDobšice, representing approx-
imately intermediate values between unweathered loess and chernozem
paleosols. Pellet sands have higher χ values than loess, probably depend-
ing on the amount of top-soil particles in the reworked sediment. The
pleniglacial parts of the records exhibit continually-decreasing χ values
on the way up to the Holocene soil at both sites. The pararendzina of PK
I in Dobšice (D5) show slightly higher values than the over- and under-
lying loess units (D2, 5) and the pseudogley horizon (D3), whereas the
horizon corresponding to the weak brown soil in Zeměchy (Z3) did not
show any differences to the loess itself.

The values of SIRM, ARM and χ often represent concentration and
grain size-dependent parameters (Evans and Heller, 2003). SIRM gives
information about the total (ferro-) magnetic mineral concentration
with grain size larger than the superparamagnetic (SP)/single domain
(SD) threshold (∼0.02 μm). Unlike χ, SIRM is not influenced by the
presence of para- and dia-magnetic minerals such as phyllosilicates, car-
bonates or quartz (Thompson and Oldfield, 1986). χfd indicates the pro-
portion of fine viscous magnetic grains just below the SP/SD boundary
(∼0.02 μm; Thompson and Oldfield, 1986), while ARM is sensitive to sin-
gle domain (SD, ∼0.02–0.06 μm) grains of magnetically “soft” minerals
like magnetite and maghemite (Maher et al., 1986). Both grain size frac-
tions are preferably formedduring pedogenesis (Heller and Evans, 1995).

Generally, ARM and SIRM values, as well as the χfd, follow the χ sig-
nal pattern in both sections. Again, values are uniformly low in loess,
and enhancement can be observed in chernozems and the upper part
of luvisols. Intermediate values are observed in reworked sediments de-
rived from loess and soils. The correlation between χ and remanence
parameters (see the highest correlation coefficients between χ and
ARM in Table 1) strongly suggests that the magnetic signal of both sec-
tions is mainly controlled by the presence of single domain magnetic
minerals. In contrast to Zeměchy, the Dobšice section shows less differ-
ences of χfd-values between pellet sands and chernozems, suggesting a
higher content of SP/SD (pedogenetic)magnetic grains in the sediment.

The plot of χfd and χ is shown in Fig. 4. The increasingχfd andχ values
follow the model of magnetic enhancement (i.e. the neoformation of ul-
trafine magnetite during pedogenesis) proposed, for example, by Heller
et al. (1993), whereas decreasing χ with increasing χfd values point to
magnetic depletion during low-temperature oxidation ofmagnetite, like-
wise leading to a shift of the magnetic domain assemblage towards SP
domains. in Zeměchy magnetic enhancement was obvious in all hori-
zons; however, in the upper (Pleniglacial) part of Dobšice signs of deple-
tion of primary MD and SD grains relative to SP particles were found,
probably due to the effect of water-logging (initial pseudogley horizons).
Similar processes in the Pleniglacial loess have been observed elsewhere,
for example in Saxony (eastern Germany) (Baumgart et al., 2013) in the
Kraichgau area (western Germany) (Taylor et al., 2014), in Poland, and
Western Ukraine (Nawrocki et al., 1996).

In Zeměchy, much higher absolute amounts of ferrimagnetic min-
erals are present than in Dobšice, resulting in higher ARM and SIRM
values (Z: 37.7–227.1 10−3 A/m; 4.7–13.9 10−3 A/m; D: 9.6–165.2
10−3 A/m; 1.2–5.3 10−3 A/m). Similarly, χfd is much lower in Dobšice
(∼0.3–3.5%) than that in Zeměchy (∼1.3–8.8%), suggesting that SP
grains in chernozems of Bohemian sections are more common than in
the equivalent/corresponding Moravian horizons.

4.1.2. Magnetic mineralogy and particle size
The S-ratio is, like the χfd, a concentration-independent proxy indic-

ative of the relative abundance of ferrimagnetic to antiferromagnetic
minerals (Maher, 1986; Wang et al., 2012). Elevated values reflect the
dominance of magnetite (or maghemite), while lower values represent



Fig. 4. Scatter plots of χ versus χFD..
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increasing contributions from antiferromagnetic minerals, i.e. hematite
or goethite. In both sites the S-ratio ranges between 0.85 and 0.9 in
chernozem soils and in the upper part of luvisols, thus reflecting the
high concentration of ferrimagnetics in the soil horizons. In both sec-
tions, the pleniglacial part of the record typically shows lower values
of the S-ratio (0.62–0.8 in Zeměchy, 0.65–0.75 in Dobšice) and a de-
scending trend (more visible in Dobšice) mainly in the loess between
PK II and PK I soils. Nevertheless, the relatively uniform values close to
1 through both profiles suggest the dominance of ferrimagnetic
Fig. 5. Correlation of the Dolní Věstonice profile and the s
*OSL dates adopted from Fuchs et al. (2013).
minerals and little mineralogical variation. This interpretation is sup-
ported by temperature-dependent susceptibility (χ–T; Fig. 6).

Typical χ–T curves for the lower part of chernozems, themiddle part
of luvisols and Pleniglacial loess are shown in Fig. 6. In chernozems, as
well as in loess, there are two major peaks for heating curves around
300 and 510–520 °C, while in luvisols only one peak occurs around
300 °C. The ‘rise’ in the heating curves at about 300 °C possibly indicates
the transition of weakly-magnetic Fe-hydroxides (e.g., lepidocrocite) to
maghemite (Oches and Banerjee, 1996). The increase of susceptibility
tudied sections, based on the magnetic susceptibility.



Fig. 6. Temperature dependent magnetic susceptibility of selected horizons. The values
were standardized to a variation between zero and one.
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between 250 and 300 °C (found in luvisols and loess) was interpreted
by Liu et al. (2005) as a result of the gradual unblocking of fine-
grained SDparticles, which aremultidomain (MD) at room temperature.
The susceptibility drop between ∼ 300–450 °C (almost absent for loess
samples) has been interpreted as the inversion of maghemite to hema-
tite (Sun et al., 1995; Oches and Banerjee, 1996; Liu et al., 2005). Liu
et al. (2005) suggest that only the fine-grained pedogenic particles can ef-
ficiently be converted to hematite between 300 and 400 °C during
heating. The rapid increase of susceptibility within the temperature in-
terval of 450–520 °C (absent for luvisols) shows the formation of a new
ferromagnetic mineral. This observation can be caused by the reduction
of low susceptibility hematite to high susceptibility magnetite in an
oxygen-free environment (Hunt et al., 1995). The sharp loss of suscep-
tibility of all samples above 520 °C indicates the presence of magnetite,
with its Curie point of 585 °C, being apparently a major magnetic min-
eral of the loess/paleosol sequences. A Curie temperature of about
580–585 °C can be observed in all samples. Unlike the warming curves,
the cooling curves (not shown here) are dominated by newly-formed
magnetite at ∼500–400 °C.

In the luvisol of Zeměchy, we found a minor peak of susceptibility at
120 °C and a sharp loss between 120 and 180 °C,whichmay indicate the
presence of goethite with a Curie temperature of around 120 °C (Liu
et al., 2012).

In general, χ–T experiments suggest magnetite and maghemite en-
hancement of chernozem horizons as well as partially of pellet sands,
while in the middle part of luvisols the enhancement only occurred to
a limited extent— and bymaghemite rather than magnetite formation.
The higher concentrations of hematite in chernozems than in brown
soils, and the presence of goethite in brown soils, is in accordance
with previous results obtained by diffuse reflectance spectroscopymea-
sured in Dolní Věstonice (Bábek et al., 2011).

Because the SIRM values had no contribution from SP grains, the low
values of ARM/SIRM suggest a higher proportion of soft MD or SDmag-
netic grains, while high values correspond to the presence of stable sin-
gle domain (SSD) magnetic grains (Evans and Heller, 2003). In
Zeměchy, the course of ARM/SIRM with depth suggests the presence
of SSD magnetic grains mainly in the upper part of the chernozems,
whereas in luvisols, pellet sands and loess horizons larger grains domi-
nated. This is in accordance with the results of the χ–T measurements.
In Dobšice, however, the differences between paleosols and loess hori-
zons are not very pronounced; the generally higher amount of SSD
grains having been induced by the colluvial sediments. Hence, one al-
most continuous increase of magnetic parameters can be observed
throughout the whole Lower Weichselian. In the Pleniglacial loess (in-
cluding the weak interstadial soils), a stagnant trend is apparent at
both sites. The ARM/χ ratio has been used to investigate the relative
contributions of SP and SD grains to the bulk signal (e.g. Zeeden et al.,
2010). In general, this record follows the pattern of χfd, proving the con-
tributions of SP/SD grains to the magnetic signal.

The analyses presented above show that the samples containmainly
ferrimagnetic minerals (magnetite and maghemite) and partially anti-
ferromagnetic minerals (goethite, hematite). The chernozem soil hori-
zons are characterized by more fine-grained ferrimagnetic minerals in
contrast to loess and luvisols. All these characteristics are, in general,
consistent with previous studies of loess/paleosols sequences situated
in central Europe (Oches and Banerjee, 1996; Forster et al., 1996; Zhu
et al., 2001) and neighboring areas (Süttö, Hungary — Rolf et al., 2014;
Lower Austria — Hambach, 2010).

4.2. Chronology of studied sections

The trends of χ with stratigraphy for both investigated sites corre-
spond well to the litho-/pedo-stratigraphical and magnetic susceptibil-
ity record obtained from theDolní Věstonice (DV) brickyard (Fig. 5).We
employed the magnetic susceptibility data from DV as a tool to transfer
the numerical ages (Fuchs et al., 2013) fromDV to the sections under in-
vestigation (Fig. 5). For the Pleniglacial part of the record in Zeměchy,
OSL dates by Zander et al. (2000) (Fig. 2) were also used to constrain
the chronology. As a result, we obtained a composite chronology of all
sections, based on OSL and correlation of the χ signals, which was cor-
roborated by direct correlation of the Rb/Sr-weathering index to the
global δ18O record on its time scale (Lisiecki and Raymo, 2005).

4.3. Results of geochemical investigations

The results of geochemical analyses are summarized in Fig. 3. During
chemical weathering, dissolved ions are transported through the se-
quences with percolating rainwater, dependingmainly on their solubil-
ity and ability to be retained by clay (Perel'man, 1977). The weathering
process can be divided into the early Ca and Sr removal stage, the inter-
mediate K removal stage and the last Si removal stage (Nesbitt et al.,
1980). Therefore, simple ratios of mobile (such as Sr and Ca) to relative-
ly stable (such as Rb, Ti, and K) elements are used. This approach has
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beenwidely adopted as an appropriatemeasure for the degree of chem-
ical weathering and leaching intensity in sediments (Gallet et al., 1996;
Nesbitt et al., 1996; Chen et al., 1999; Ding et al., 2001;Muhs et al., 2001;
Bokhorst et al., 2009). For the evaluation of the weathering intensity of
the silicate component, we used the Chemical Index of Alteration (CIA)
(Nesbitt et al., 1980). The interpretation syllogism of the geochemical
results is included.

The Rb/Sr ratio of both sections shows maximum values in luvisols
and chernozems, being only slightly increased in Middle Pleniglacial
weak soils (PK I) and with minimum values in loess. In Dobšice, much
less pronounced peaks in the chernozems of PK II occurs compared to
Zeměchy. In both sections, a moderate/good correlation was found be-
tween Rb/Sr and magnetic parameters (Table 1); however, this did
not hold for the luvisol horizons (see Table 1). Rb is usually enriched
in K-rich minerals such as muscovite, biotite, K-feldspar and K-rich
micas and illite. Furthermore, this element is unaffected by sediment
diagenesis and by precipitation and concentrations of Fe and Mn oxi-
hydroxides. It is strongly retained in the weathering zone due to its ad-
sorption or exchange onto clayminerals (Nesbitt et al., 1980). Rubidium
fixation in soils is a tracer of the transformation process affecting the 2:1
clay minerals in the acid brown earth-pod's (Herbauts, 1982)
weathering sequence: kaolinite, illite, chlorite, vermiculite and smectite.
Unlike Rb, Sr is a mobile element bound in Ca-feldspars and primary
carbonates; it is easily soluble during leaching and chemical weathering
processes. Because Rb is bounded to the clay particles, the resulting ratio
is grain-size dependent. Nevertheless the clay in the LPS is mostly a
product of the pedogenesis andweathering of the primary (silty) mate-
rial and hence the Rb/Sr ratio is a sound indicator of loess chemical
weathering (Gallet et al., 1996; Chen et al., 1999; Bloemendal et al.,
2008; Bábek et al., 2011). It also seems to be a valuable indicator of
the Late Glacial paleoenvironmental changes in a lake catchment, as
was proved by analysis of non-calcareous lake sediments in Southern
Bohemia (Hošek et al., 2014).

Unlike the Rb/Sr ratio, Rb/K shows lower values in the luvisols in
both sites, whereas in the upper parts of the profiles the ratio increases
again in paleosols and decreases in loess, clearly independent of the di-
lution by carbonates. This behavior indicates secondary clay enrich-
ment, because Rb substitutes for K in K-feldspars and mica and
becomes enriched during weathering, whereas K is more mobile and
preferentially leached under moderate/strong chemical weathering
(Nesbitt et al., 1980; Zech et al., 2008). The variability of K in the inves-
tigated profiles is in agreement with the various correlations between
CEC and the elemental signatures that are discussed below. Further, a
surprisingly high correlation coefficient between the Rb/K ratio and
χfd was found throughout the profiles (see Table 1), suggesting that
SD/SP magnetic grain enhancement/depletion in the sediment and
soils throughout the profiles, and potassiummobility, may be both driv-
en by related processes.

The highest Sr/Ca ratio is found in the interglacial luvisols in both
sections. In Zeměchy, an increase of this ratio also occurs in the lower
part of the PK II chernozems, whereas these events are not present in
Dobšice. Slightly higher values of the ratio are recorded in the PK I
soils of both sites. Ca, as well as Sr, is mainly present in primary carbon-
ates and in relatively soluble carbonate minerals and is hence depleted
in the weathering zone (Gallet et al., 1996; Bloemendal et al., 2008).
Nevertheless, due to its size, Ca is adsorbed less strongly to clay struc-
tures than Sr, and more Ca reprecipitates as secondary carbonates rela-
tive to Sr. The vegetationmay also play a role in the retention of Ca from
wash-out, as the biogenic coefficient of Ca is much higher (0.17) than of
Sr (0.06) (Perel'man, 1977). The ratio of Sr/Ca primarily reflects carbon-
ate dissolution and hence mostly increases with increased leaching in-
tensity, during more humid conditions (Bloemendal et al., 2008;
Bokhorst et al., 2009). The low correlation between the CIA with Sr/Ca
(Pearson correlation coefficient r = 0.2 and 0.4, data not shown in
Table 1) in both sites suggests that carbonate dissolutionwas not neces-
sarily accompanied by silicate and feldspar weathering. At Zeměchy, a
strong negative correlation (r = −0.78) was found between the Sr/Ca
ratio and ARM in soil horizons, suggesting that the leaching process
also affected fine-grained (0.02–0.06 μm) magnetic particles.

The Chemical Index of Alteration (CIA) gives information about feld-
spar weathering by relating Al, which is enriched in weathering resi-
dues, to Na, Ca and K. Na and K are assumed to be removed from a soil
profile in the course of plagioclase and K-feldspar weathering (Nesbitt
and Young, 1982). In recent years, this proxy has been relatively fre-
quently used as a suitable tool for the quantitative expression of chem-
ical weathering in loess (e.g. Chen et al., 1999; Buggle et al., 2008; Újvári
et al., 2008). The index is referred to as an “Na type” of weathering,
whereas the above-described Rb/Sr ratio is considered as a “Sr-type”
weathering index (Buggle et al., 2011).

4.4. Cation exchange capacity (CEC)

During the chemical weathering of loess, there occurs an ion ex-
change and transformation of clay minerals. The [Cu(trien)]2+ ion is se-
lectively adsorbed to expandable clay minerals. Increased CEC values
obtained by [Cu(trien)]2+ can thus bemainly attributed to a higher con-
centration of the most common expandable clay structure, i.e. smectite
(Grygar et al., 2009; Bábek et al., 2011). Expandable clay minerals are
characterized by the presence of loosely-bound cations and layers of
water-bearing, polarized, organic molecules between the structural
sheets. This type of structure is thus typical for more humid environ-
ments and their relatively low presence in the sediment suggests that
conditions in these sections were most likely arid (and acidic), as they
have been largely depleted or at least altered. Illite-type clays are
formed under high pH conditions, mostly from weathering of K- and
Al-rich minerals such as muscovite and feldspar. The illite/smectite
ratio in the loess series thus provides a promising proxy strongly related
to soil humidity and its seasonality (Li et al., 2007; Varga et al., 2011;
Újvári et al., 2014)

Although CEC has rarely been used for loess/paleosol sequences, sev-
eral studies have suggested that CEC can be correlated with other indi-
cators ofweathering intensity related to precipitation, indicators such as
magnetic susceptibility, diffuse reflectance spectroscopy and element
ratios of Rb, Ca and Sr (Maher, 1998; Bokhorst et al., 2009; Bábek
et al., 2011).

At both sites, the CEC follows the proxies of weathering/pedogenesis
intensity; elevated values (interpreted as higher amounts of smectite)
coincidewith soils, and the highest values correspondwith luvisol hori-
zons, for which the most intensive chemical weathering can be expect-
ed. In Dobšice, in comparison with Zeměchy, lower values are recorded
in chernozems of PK II, especially in the upper one. The middle
Pleniglacial soils (PK I) of both sites shows relatively high values,where-
as in the overlying loess a gradual decrease occurs. CEC was positively
correlated with the Rb/K ratio (r = 0.74), which can indicate the con-
version of illite to expandable clay minerals (a process accompanied
by a partial loss of K+ ions) and this suggests the presence of K in mus-
covite and feldspar. The highest correlation between CEC and magnetic
parameters was found in the case of χ and SIRM.

4.5. Grain-size analyses

Fig. 7 shows selected grain size distribution parameters of the sedi-
ment. Both sites are characterized by a higher content of the clay fraction
(b4 μm) in soil horizons (∼20%) compared to pellet sands and loess
(∼10%). The highest enrichment of clay is recorded in the upper parts
of the luvisol (Bt horizons) and the overlaying chernozem (PK III) in
both sites. A relatively high clay content is also recorded in the middle
Pleniglacial part (PK I) of both sites. In general, the amount of clay in
the sediment shows a similar pattern to that of themagnetic susceptibil-
ity record and proxies of chemical weathering such as Rb/Sr and Rb/K ra-
tios (see Fig. 3), probably due to the pedogenic modification that has
changed the grain size composition of the non-quartz component of



Fig. 7. Results of grain size analyses of the discussed sites.
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the original dust. This is in accordancewith the correlation between clay-
ey humic soil horizons,magnetic susceptibility or organic carbon content
that has been observed in Upper Pleistocene soil complexes from many
European sites (e.g. Antoine et al., 1999, 2009, 2013).

The silt fraction (4–63 μm)dominate throughout both profiles (∼60–
90%). Maxima are typical for upper Pleniglacial loess (above PK I). The
sand concentration (N63 μm) ranges from ∼1–30%; higher amounts of
sand are typical for colluvial sediments (pellet sands) and the upper
Pleniglacial loess, as well as for marker horizons (marker I). In general,
the amount of sand in Zeměchy is higher than in Dobšice, probably
due to a nearby outcrop of carboniferous arkoses, whereas At Dobšice
sand originates from Pleistocene fluvial terraces of the Dyje River.

4.6. Micromorphology

Micromorphological features of the main horizons are summarized
in Table 2, the characteristics reflecting the local soil and environmental
development. While the horizon representing the interglacial luvisol is
preserved only by the Bt horizon, with the A horizon missing, the
chernozem-like pedo-horizons are characterized by well-developed hu-
mified A horizons. During the development of chernozem-type soils, the
accumulation of organic matter by humification is the dominant pedo-
genetic process. For luvisols, besides the strong in-situ weathering, the
main pedogenetic process is the translocation of clays down the section.
Thus the characteristic feature of such soils is the clay-enriched Bt hori-
zon. The thickness of such horizons usually reflects the intensity and/or
temporal duration of the pedogenetic processes. Higher humidity and/or
water-loggingmight be causes for the pedogenetical processes connect-
ed with gley formation. Pronounced differences between the sections
were found in some horizons, especially in the Lower Weichselian part
of profiles (PK II); however, in this respect Dobšice differed from
Zeměchy by having a markedly lower level of polygenesis. Secondary
redoximorphic features (pseudogley processes) are here present just
in the horizon of PK I (D3). Dobšice is also interesting from a pedo-
zoological point of view because, besides the activity of earthworms
(Lumbricidae) occurring throughout, the activity of Enchytraeidae
(potworms) occurred, or even dominated (D10), in all the paleosols in-
cluding the pararendzina of PK I.
5. Discussion

5.1. Rock-magnetic and geochemical results and their predictive value as
paleoclimate indicators

The rock-magnetic investigation results (Fig. 3) suggest that the
magnetic signal at both sites is mostly influenced by fine-grained (SP
and SD)magnetite and partially also by maghemite. These components
are typically formed during loess weathering and pedogenesis in a rela-
tively warm and humid climate with a pronounced dry season (Fontes
and Weed, 1991; Maher, 1998; van Velzen and Dekkers, 1999;
Oldfield, 2007; Torrent et al., 2006; Zhang et al., 2007; Buggle et al.,
2013a).

The good correlation between magnetic and geochemical proxies
through the Weichselian parts of the studied profiles (Fig. 3) suggests
that fine-grained magnetite/maghemite formation was accompanied
by a more intensive weathering of minerogenic components, and a
higher element mobility and clay mineral (trans)formation. For exam-
ple, the formation of magnetic grains close to the SP/SD boundary
(ARM/ χ) clearly correlated with the feldspar weathering and conse-
quently with potassiummobility (Rb/K ratio, CEC). This is probably be-
cause, similar to that in pedogenetic bacteria activity, K mobility in soils
and sediments (and its availability and diffuse flux for plant uptake) is
strongly influenced by soil moisture (Zeng and Brown, 2000). On the
other hand, the dissolution and leaching of Sr-rich carbonate minerals
(Rb/Sr ratio) did not show such a direct link to magnetic enhancement.



Table 2
Micromorphological characterization of the significant lithological horizons.

Layer Micromorphological features Interpretation

Dobšice
D3 Crack microstructure, sandy loam, crystalitic B fabric, decomposed organic matter — rare, bioturbation,

CaCO3 coating — rare, FeOH nodules (pseudogley concretions).
Weakly developed pseudogley (PK I)

D5 Granular to crack microstructure, sandy loam, crystalitic B fabric, CaCO3 coating and infillings, Mn coating
and nodules

Weakly developed pararendzina with A and CaCO3 horizon
(PK I)

D8 Spongy to granular microstructure, sandy loam, crystalitic B fabric, decomposed organic matter,
bioturbation, CaCO3 coating and infillings, excrements, phytoliths.

Upper chernozem (A and CaCO3hor) of PK II

D9 Subangular blocky microstructure, sandy loam, crystalitic B fabric, humous concentratios — aggregates,
CaCO3 coating and infilling.

Loess/reworked loess

D10 Spongy to granular microstructure, sandy loam, crystalitic B fabric, decomposed organic matter, partly
decomposed wood fragments, bioturbation, CaCO3 and Mn coating and infillings, excrements.

Lower calcareous chernozem (A and CaCO3hor) of PK II

D12 Subangular blocky microstructure, crystalitic B fabric, sandy loam (quartz and feldspar, fragments of
granite and quartzite up to 2 mm; obvious positive gradation), CaCO3 and Mn coating and infillings.

Marker loess sensu Kukla (1975)

D14 Spongy to granular microstructure, sandy loam, porostriatic B fabric, partly decomposed wood fragments,
charcoal, bioturbation, CaCO3 and Mn coating and infillings, humic concretions — common, excrements.

Luvisol (Parabraunerde) (Bt and CaCO3 horizon) of PK III

Zeměchy
Z3 Spongy microstructure, enaulic related distribution, 30% micro and mesovoids, vughs and compound

packing voids, moderately sorted silt, crystallitic B fabric, light brown matrix, very fine grained black
opaque decomposed organic matter (up to 10%), FeOH nodules present (up to 3%).

Weak brown soil (PK I)

Z8 Inter grain vesicular pore microstructure, enaulic related distribution, 30–50% micro and mesovoids, vughs
and compound packing voids, moderately sorted silt, crystalitic B fabric, dark brown, fine grained black
opaque decomposed organic matter (up to 30–50%),

Lower chernozem of PK II

Z11 Channel microstructure, enaulicrelated distribution, 50% micro and mesovoids, channels, vughs and compound
packing voids, moderately sorted silt, crystallitic B fabric, brown, fine grained black opaque decomposed organic
matter (up to 10%), charcoal fragments, three phases of calcium carbonate pedofeatures origin: 1.) crystallic
pseudomorphoses of root cells due to bioturbation; 2.) hypocoating of channels; 3.) infillings of channels by
crystallitic carbonates.

marker loess sensu Kukla (1975)

Z14 Intergrain channel microstructure, enaulic related distribution, 30% micro and mesovoids, channels and
vughs, moderately sorted silt to fine sand, porostriatic B fabric, light brown to orange, very fine grained
black opaque decomposed organic matter (up to 30%).

Luvisol (Parabraunerde) (Bt and CaCO3 horizon) of PK III
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On the contrary, the strong carbonate dissolution may have lead to the
loss of fine-grained magnetic particles during the leaching processes.

In contrast to the interstadial chernozem soils, interglacial
luvisols showed lower values of magnetic concentration-dependent
parameters, as well as weaker magnetite/maghemite enhancement
as shown by the χ–T measurements (Fig. 6). This is in contrast to
the LPSs from the Pannonian Basin, where a strong magnetic en-
hancement also occurred within the lower part of the paleosol-
complex (S1) corresponding to the Last Interglacial, and where mag-
netic concentrations were more than twice as high than that for the
loess horizons (Marković et al., 2008, 2009; Buggle et al., 2013a). In
both sites the Interstadial soils of PK I also exhibited a pronounced
maxima of CEC and clay content, and a minima of calcite concentra-
tion, that are clear signs of a relatively intensive pedogenesis. How-
ever, in the case of Zeměchy, the PK I horizon was not detected by
its magnetic measurements (see Fig. 3).

For the last interglacial in central Europe, the malacological, palyno-
logical and pedological data generally indicatedmore humid andwarm-
er conditions (even compared to the Holocene). This favorable climate
was replaced during the LowerWeichselian by rather cold and arid con-
ditions with three interstadial oscillations characterized by a warmer,
but still relatively dry, climate (Ložek, 1964; Smolíková, 1982; Urban,
1984; Caspers and Freund, 2001). The clear discrepancy between
these statements and the above-mentioned surveyed rockmagnetic re-
cord suggests a non-linear relationship ofmagnetic parameterswith cli-
matic change. This finding should constitute a point of special interest
and is further discussed here in more detail.

The influence of climate on a magnetic signal (particularly the mag-
netic susceptibility) in LPSs and modern soils has already been exten-
sively discussed in many studies (e.g. Heller et al., 1993; Maher et al.,
2003; Liu et al, 2007; Buggle et al., 2013a). Nevertheless, the relation-
ships between the state of magnetic variables and the course of the
Pleistocene climate are far from being interpreted as linear (Han et al.,
1996). This means that some climate changes, clearly documented by
well understood proxies – such as pedological or geochemical indicators
(Liu et al., 1995; Guo et al., 2001) and malacology (Rousseau and Wu,
1997) – are not necessarily reflected by expected changes in the mag-
netic susceptibility.

The above-mentioned magnetic enhancement of the studied se-
quences is mostly the influence of pedogenetic processes (i.e. a China
scenario). Thus, it could be expected that the non-linearity of the record
with climatic (pedogenetic) development has been probably caused by
a post-sedimentary loss of the magnetic signal. We suggest two main
reasons for the observed bias between the predicted paleoclimatic de-
velopment and the recorded magnetic parameters:

(1) Erosion of the humic Ah horizon in the case of PK III
According to the micromorphological studies (see Table 2), the
luvisol and overlaying chernozem (PK III) are genetically-
independent soils at both sites (proved by the absence of
braunlehm plasma in the chernozem horizons). In the case of
Zeměchy, they are separated by a thin layer of colluvial sedi-
ments (Figs. 2 and 3). These colluvial and/or aeolian sediments
are typically present in the PK III of many sites. This documents
the higher erosion rate immediately after the climate deteriora-
tion at the end of the interglacial. In the case of Zeměchy, the col-
luvial layer (Z13) contains a small amount (up to 3%) of weak
decomposed organic detritus, which might represent the rest of
the reworked humic topsoil. Rock-magnetic studies of the Holo-
cene luvisol from the loess area (e.g. Jordanova et al., 2013;
Huang et al., 2011) suggest a high concentration of pedogenetic
ferrimagnets, as in the humic Ah horizon and in the upper part
of the Bt horizon, whereasmiddle and lower parts of the Bt hori-
zon show significant lower magnetic enhancement. In contrast,
geochemical parameters (such as CEC or the ratio of immobile/
mobile elements) yield relatively comparable values in both the
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Bt and Ah horizons (Duan et al., 2002). Having an Ah horizon
missing would therefore be more relevant for an interpretation
based on magnetic rather than geochemical proxies.

(2) Leaching and transformation of ferrimagnets in the Bt horizon
Asmentioned above, an increase of percolatingwater could have
a major impact on the concentration of ultrafine magnetic parti-
cles. Direct leaching can influence magnetic particles, mostly
fine-grained, as is suggested by the negative correlation between
ARM and the Sr/Ca ratio. Another reason for the χ decrease could
be excessive moisture during the Interglacial (as supported by
geochemical proxies) that could have caused a transformation
of magnetite/maghemite into goethite/limonite (Liu et al.,
2007, 2012). This interpretation is supported by the occurrence
of goethite in the luvisol as proven by χ–T measurements.

The proxies of chemicalweathering (particularly Rb/Sr ratio, CIA and
CEC) of the studied profiles (Fig. 3) show the highest values in intergla-
cial soil and they are also enriched in the interstadial paleosol layers rel-
ative to the loess (including the PK I soil in Zeměchywhich did not even
register in the magnetic signal at all, probably due to the erosion of
the upper part of the soil horizon, enriched by magnetic minerals —
similar to that in the interglacial luvisols). The Rb/Sr ratio and CIA
have been used to reflect paleoclimate changes in the loess of
north-central China (Chen et al., 1999; Ding et al., 2001), the Danube
region (Buggle et al., 2011; Bokhorst et al., 2009; Varga et al., 2011;
Újvári et al., 2014) and Germany (Fischer et al., 2012) — in terms of
their systematic variations in loess/paleosol sequences. Further-
more, in the Bohemian and Moravian loess/paleosol sequences
these proxies reveal in an exemplary way the degree of chemical
weathering and reflect the general course of climate development
of the Upper Pleistocene — as is apparent through the correlation
with deep sea oxygen isotopic records indicating the global climate
changes (Lisiecki and Raymo, 2005; Fig. 8).

Despite the correlation between the Rb/Sr ratio and the global ben-
thic δ18O record being based on a visual comparison, we have several
reasons to consider this correlation a reliable one: many lines of evi-
dence indicate that the pedocomplexes PK III and PK II can be assigned
to marine oxygen isotope stages MIS 5e–5a and PK I to MIS 3 (e.g.
Kukla, 1975; Musson and Wintle, 1994; Zöller et al., 1994; Forster
et al., 1996; Frechen et al., 1999; Fuchs et al., 2013). The well-
determined pedostratigraphy of the last climatic cycle was mostly
established based on detailed studies of the profile Dolní Věstonice
(DV) brickyard and thus the successful correlation of the χ and litho-
pedostratigraphical records of DV with the studied sections (Fig. 5)
have allowed us to compare the obtained proxy records with the global
climatic scale. This kind of correlation is supported by OSL dates adopted
from DVwhich in turn can be correlated unambiguously to the sections
under study. Yet, it is to be remembered that, in general, an accurate
synchronization of land and ocean records and reliable stratigraphic cor-
relation between them is still an unresolved task for several reasons.
This also applied to LPSs, where the sedimentary record is often incom-
plete (as discussed above) and the absolute chronology, based on the
OSL dating, is uncertain to often ∼5–10 ky. Moreover, as suggested by
studies comparing biological and geochemical proxy-records of well-
dated varved lake sediments or speleothems with benthic and Green-
land δ18O, synchronity often cannot be proven, and these records may
not be exactly synchronous (e.g. Sánchez-Goňi et al., 1999; Shackleton
et al., 2003; Drysdale et al., 2007; Boch et al., 2011).

In this study we used a simplistic explanation for the correlation be-
tween peaks and troughs of the Rb/Sr ratio on one hand and the global
benthic δ18O record on the other hand: benthic foraminiferal marine
δ18O records are directly linked to deep sea water temperature and to
global ice volume. Such records may be used as a proxy for the water
content of the atmosphere and consequently also for themainly precip-
itation controlled climatic humidity on continents. The humidity, in
turn, controls weathering and soil formation and therefore the geo-
chemical and magnetic proxies seems to be generally in-phase with
the δ18O records. This assumption has been the basis for a number of
studies which have demonstrated a close correspondence of magnetic
and geochemical variations within LPSs to signatures of past global cli-
matic change derived from oceanic benthic δ18O records (e.g. Heller
and Liu, 1984; Kukla, 1975; Kukla et al., 1988; Bloemendal et al., 1995;
Chen et al., 1997; Heslop et al., 2000; Yang et al., 2004; Buggle et al.,
2009; Basarin et al., 2014).

5.2. Paleoenvironmental implications and paleogeographic context

The rock-magnetic and geochemical records (Fig. 3) visually divide
both studied sequences into two parts: (1) the lower parts (correspond-
ing to MIS 5), with higher values and fluctuations; and (2) the upper
part (interpreted as MIS 4-2), characterized by their lower values and
a trend of further decreases towards the top of the sequences. The re-
cords reflect the main features of climate development and allow us to
correlate these individual profiles.

Sea surface temperature reconstruction for the North Atlantic
(Imbrie et al., 1992) or globally benthic δ18O records (Lisiecki and
Raymo, 2005; see also Fig. 8), and also proxy data from Greenland
(North Greenland Ice Core Project (NGRIP) Members, 2004), indicates
that the beginning of the Weichselian (MIS 5d–a) was on average not
dramatically cooler than the Eemian interglacial (MIS 5e). However,
this period was characterized by large-amplitude oscillations and with
the abrupt appearance of rather drier conditions, which is also widely
suggested by the regional biological evidence (Ložek, 1964; Woillard,
1978; Urban, 1984; Behre, 1989; Guiot, 1990; Kühl et al., 2007) and geo-
chemical and sedimentological records (Caspers and Freund, 2001;
Sirocko et al., 2005; Rousseau et al., 2006; Drysdale et al., 2007) from
the land. In Europe, climate desiccation was most pronounced in conti-
nental areas, whereas the region influenced by the Atlantic was consid-
erably wetter (Kühl et al., 2007). This is also reflected in the (paleo)
pedological evidence: the east central European soils generally indicate
somewhat drier and therefore less favorable conditions for leaching
than more westerly areas (Haesaerts and Mestdagh, 2000). Along a
transect from northwestern Europe towards the east and south-east,
redoximorphic features and pseudogley characteristics in soils
(known, for example, from Gleyic Chernozems and Gleyic or Stagnic
Phaeozems) decrease and vanish in the Pannonian Basin. Typical steppe
chernozem/kastanozem soils become predominant (Eckmeier et al.,
2007; Marković et al., 2008; Gozhik et al., 2013).

Our studied LPSs are situated in eastern central Europe in a transi-
tional area of high value for reconstructing past regional atmospheric
conditions and their interactionwith North Atlantic/continental climate
systems (e.g. Kukla, 1977; Rousseau et al., 2013).

In this respect, the situation in the Central Bohemian section
Zeměchy shows aspects of the Atlantic part of Europe more clearly
than the South Moravian Dobšice section situated on the northwestern
edge of the Pannonian Basin. The Pannonian Basin is marked in the
Upper Pleistocene by continuous dry continental climate conditions,
under the effects of a temperate sub-Mediterranean climatic influence
(Sümegi and Krolopp, 2002).

The differences in the proxy records between the two sites can be
clearly linked to geographical differences influencing chemical
weathering processes. For example, whereas in Zeměchy all interstadial
soils show (from the micromorphological point of view) quite pro-
nounced pseudogley features and recalcification processes, in Dobšice
these features are only very weakly developed (see Table 2). Regarding
the rock-magnetic and geochemical results, themost pronounced differ-
enceswere found in the lowerWeichselian parts of the pedosedimentary
records.

A lower Sr/Ca ratio, aswell as almost featureless variations of Rb/Sr or
CEC in the PK II of Dobšice, indicates weaker pedogenic carbonate disso-
lution and feldspar weathering, as well as weaker formation/



Fig. 8. Correlation of the Rb/Sr ratios from Dobšice and Zeměchy to the δ18O record from the deep sea (LR04; Lisiecki and Raymo, 2005). OSL dates (color boxes) adopted from Fig. 4.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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transformation of clayminerals in theMoravian section compared to the
Bohemian (Fig. 3). A stronger leaching process in Zeměchy is also sup-
ported by lower concentrations of Ca and Sr, indicating a considerable
higher variability of these elements, a leaching of upper soil layers, and
the formation of Ca-enriched horizons. In total, the relative concentra-
tions of fine grained ferromagnets (χfd, ARM) are markedly higher in
Zeměchy than in Dobšice, suggesting that pedogenic processes were
more intense and/or bacterial production of magnetite (and/or
maghemite) was higher. An increase in moisture has been found to be
the key factor for stronger magnetic enhancement of many LPSs, as
long as the soils are not affected by water-logging (e.g. Buggle et al.,
2013a).

Regarding the geographical location of the studied sections, we sug-
gest that the pronounced differences in chemical weathering and mag-
netic enhancement of the pedosedimentary sequences may be caused
by differences in the amount of percolating water, whichmay be repre-
sentative of the precipitation. Drier conditions during the Pleistocene, or
at least a different seasonality with a pronounced dry season in the
Pannonian Basin compared to other European regions, are widely sup-
ported by geochemical, pedological and biological approaches (Allen
et al., 1999; Buggle et al., 2009, 2013b; Bokhorst et al., 2009; Zech
et al., 2013; Újvári et al., 2014).

Our findings suggest that the transitional zone between the two cli-
mate regions, or the two different modes, of the Upper Pleistocene cli-
mate in central Europe could be quite narrow. Yet, to confirm this
hypothesis, further data – in a transect from sites towards the Atlantic
Ocean and further into the continental area – are required, either
confirming or challenging the presented findings.

6. Conclusions

Loess/paleosols sequences from central Bohemia and south Moravia
(eastern-central Europe) provide a suitable archive for a detailed study
of the Upper Pleistocene paleoenvironmental changes in a transition
zone between the oceanic and continental climate regimes. Using a
multi-proxy approach combining sedimentological, rock-magnetic,
geochemical andmicromorphological methods—we demonstrate that:

(i) The stratigraphy of the studied sections conforms well to the
general pattern of the Upper Pleistocene loess/paleosol succes-
sions in the relatively dry loess of central Europe. This is demon-
strated by the correlation of the magnetic susceptibility record
with the well-investigated section at Dolní Věstonice.

(ii) The magnetic signal of the studied sediments is dominated
by the presence of fine grained (SP/SD) magnetite, and par-
tially maghemite. The origin of these minerals in soils and
loess is probably mainly pedogenetic. This is in accordance
with the “China scenario” model of magnetic enhancement
by pedogenesis.

(iii) Compared to chernozems, the distribution of magnetic minerals
throughout the interglacial (MIS 5e) luvisol (para-brown soil)
and interstadial (MIS 3) cambisol is nonlinear, probably due to
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the erosion of the Ah horizons and later leaching of fine-grained
magnetic grains. Rock-magnetic properties are thus not always a
reliable proxy for deciphering paleoclimatic changes in the study
area for the complete last climate cycle.
By contrast, proxies of chemical weathering – such as Rb/Sr ratio,
CIA or CEC – reflect the main pattern of climate development
through the whole Upper Pleistocene surprisingly well and
they promise to provide a suitable correlation tool on the
super-regional, or even hemispheric, scale.

(iv) The multi-proxy study reported in this paper revealed well-
pronounced interegional differences in the leaching intensity of
the loess/paleosols sequences. This suggests more humid condi-
tions in central Bohemia than in southMoravia during the Upper
Pleistocene, most probably due to the Moravian site's position
close to the Pannonian Basin, where drier conditions during the
Pleistocene predominated (in comparison to areas more to the
north and west that are more exposed to the North Atlantic
Ocean).
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Abstract 
The Middle Pleniglacial on the northern hemisphere is characterized by millennial scale, fre-
quent, and high amplitude environmental climatic shifts. In loess-paleosol sequences (LPSs) 
the transition from the Lower (MIS 4) to the Middle Pleniglacial (MIS 3) was accompanied by 
significant erosion events, as recorded in various terrestrial archives across Central Europe. As 
a result, potentially existing paleosol horizons of the particular period have been widely erased 
from the (LPSs) and only little is known about pedogenesis in this vast area. This study tries to 
fill this gap in our knowledge through studying a pedo-sedimentary record from Bíňa, a site 
situated in a relatively poorly investigated area on the north-western edge of the Carpathian 
Basin. We investigated a 12 m high and more than 500 m wide outcrop along the Hron River, 
where a well-structured sequence of fluvio-lacustrine sediments, paleosols, and loess is pre-
served. The paleoenvironmental development within the studied area is presented and discussed 
on the basis of soil micromorphology, rock-magnetic and geochemical measurements, grain 
size analyses, and a malacological record accomplished by luminescence dating. Based on the 
OSL dating of the central profile, the sequence provides a high resolution record of the time 
period 60 – 20 ka BP (MIS 4 – MIS 2). The most developed paleosol horizons (Phaeozem and 
two Bw horizons of Gleyic Cambisols) were dated to the early stage of the MIS 3 (60 – 50 ka 
BP) and correlated with the Greenland interstadials GI-17/16, GI-14/13 and/or GI-12 (the 
north-western European interstadials Oerel, Glinde and Moershoofd). The development of the 
Bw horizon of a Cambisol recorded within the younger loess body was dated to c. 35 ka BP 
and it probably corresponds to the late MIS 3 intestadials GI-8–5 (Denekamp). The preservation 
as well as the development of the well-stratified record were closely related to the specific 
hydro- and geomorphological settings of the paleo-channel structure in which the sequence 
developed. Although soil development benefited from the specific local settings, we suggest 
that the recorded paleosols can also be related to the interregional climate differences of the 
Carpathian Basin: Within the northerly pericarpathian zones, a moister climate predominated 
during the last Pleniglacial, in contrast to the drier continental areas to the South. Thus, a sharp 
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climatic boundary existed separating a semi-arid steppe region from a climatic zone under the 
persistent influence of Atlantic air masses. 

keywords: loess/paleosol sequence; Middle Pleniglacial (MIS 3); Pannonian/Carpathian Ba-
sin; soil micromorphology; paleomalacology; paleopedology 

1. Introduction

As revealed in high-resolution deep sea and 
ice core oxygen isotope records, the Middle 
Pleniglacial (MPG; MIS 3; ~ 60-30 ka BP) is 
characterized by frequent and abrupt climatic 
changes of high amplitude, represented by re-
petitive fluctuations in climate systems (John-
sen et al., 1992; Dansgaard et al., 1993; Huber 
et al., 2006). In terrestrial settings these cli-
matic shifts evoked distinct interactions 
within and between the different components 
of terrestrial environments, including vegeta-
tion as well as erosion and pedogenesis dy-
namics (Sirocko et al., 2016). Loess/paleosol 
sequences (LPSs) and colluvial sediments 
both provide an opportunity to study the inten-
sity and rates of pedogenesis during the last 
glacial cycle. Different soil types preserved in 
these sequences can be used as indicators of 
past environmental conditions. Detailed mi-
cromorphological-sedimentological studies, 
supported by environmental magnetism and 
geochemical approaches, can contribute to an 
improved understanding of past climate fin-
gerprints in loess and corresponding environ-
ments (e.g. Kemp et al., 1998; Kühn et al., 
2006; Kühn et al., 2013, Lisá et al., 2014, 
Hošek et al., 2015; Hošek et al., 2016). 
Paleosols of the Middle Pleniglacial are con-
sidered as marker horizons in European loess 
and are fundamental elements in understand-
ing the terrestrial environment during the Last 
Glacial period (Kukla, 1977; Fitzsimmons et 
al., 2012). However, as during the Last Gla-
cial, significant paleoenvironmental diversity 
controls the intensity and type of pedogenesis 
over the European loess belt, and the resulting 
MPG paleosols represent a wide variety of 
habitats, from humid soils and gleysols in 
western and north-western Europe (Meszner 
et al., 2012; Antoine et al. 2016; Haesaerts, 
2016) and feeble boreal soils and Cambisols 

in central and eastern-central Europe (Demek 
and Kukla, 1969; Haesaerts, 1990; Lehmkuhl 
et al., 2016) to dry steppe soils in eastern Eu-
rope and around the Black Sea coast (Buggle 
et al., 2009; Marković et al., 2015). In addi-
tion, recovered climatic and stratigraphic in-
formation from the LPSs is complicated by the 
local geomorphological context, erosional un-
conformities, environmental settings, and the 
internal variability of each loess-paleosol site 
(Winkler and Matthews, 2010; Schrimer, 
2010; Lehmkuhl et al., 2016), as well as by 
uncertainties in loess age models (Timar-Ga-
bor et al., 2016). A promising approach in cur-
rent loess research is the detailed reconstruc-
tion of the pedological evolution of particular 
regions within the European loess belt and the 
subsequent correlation of paleopedological 
records to individual north-western European 
interstadials of the middle, late MIS 3 
(Denekamp, Hengelo), and early MIS 3 
(Oerel, Glinde) (Frechen, 2011; Feurdean et 
al., 2014). 
Such an approach, however, is often hampered 
by the occurrence of significant erosion events 
at the transition from MIS 4 to MIS 3, as rec-
orded in various terrestrial archives across 
Central Europe (Huissteden et al., 2001). In 
LPSs, this erosion might have resulted from 
the extensive degradation of permafrost dur-
ing a rapid warming phase that probably 
marked the beginning of the first interstadial 
of the MPG (Antoine et al., 2016). Also, re-
peated phases of torrential rain occurring es-
pecially at the transitions from stadials to in-
terstadials might also have caused pervasive 
erosion events, depending on the vegetation 
coverage and regional morphology (Brunk et 
al., 2016) Because of this and also as a result 
of research history and the limitations of radi-
ocarbon dating (e.g. Behre, 1989; Sauer et al., 
2016), MPG paleosols have, in the past, usu-
ally been dated to the middle and late phase of 



the MIS 3 and broadly correlated with Heng-
elo-Denekamp interstadials, which were 
thought to be the most prominent during the 
MPG (Kukla, 1975). Furthermore, poor 
chronometric data and widespread chronolog-
ical misinterpretations of LPSs still compli-
cate paleoenvironmental interpretations (e.g. 
Kadereit et al., 2013). Consequently, reliable 
data on paleosols in central Europe dated to 
the Early MPG (59 - 40 ka) is very scarce; 
their preservation is connected mostly to local 
geomorphological settings with high dynam-
ics of colluvial and aeolian deposition (foot 
slopes and depressions), which have protected 
underlying units from erosion (Frechen, 2003; 
Schirmer, 2012). In contrast, the more conti-
nental areas of Eurasia seem to be less affected 
by erosional processes, as documented for in-
stance in the Molodova (Ukraine) and Mitoc-
Malu Galben (Romania) loess sections as well 
as the Kurtak locality in Siberia (Haesaerts et 
al. 2003; 2009). 
In the central European context, the Carpa-
thian/Pannonian Basin contains the largest 
and most significant loess region preserving a 
paleoenvironmental record that extends back 
over the last million years (Marković et al., 
2011; 2015; Zeeden at al., 2016; Obreht et al., 
2016). Various kinds of findings obtained 
from numerous LPSs in the last few years (see 
Marković et al., 2015 and references within) 
provide renewed information on Middle and 
Upper Pleistocene sequences. These studies 
confirm the findings of previous research, i.e. 
that the Carpathian Basin was warmer and 
drier than elsewhere in Europe during the 
Middle and Upper Pleistocene (Buggle et al., 
2013). As a result, interglacial/interstadial 
soils preserved in LPSs show obvious differ-
ences from those from north-central and west-
ern Europe, especially regarding the weaker 
level of illuviation processes. 
However, it should be noted that the majority 
of investigated LPSs are situated in the plateau 
position within the central and southern part 
of the Carpathian Basin (see LPSs sites distri-
bution on Fig. 1) and comparatively little at-
tention has been given to the paleopedological 
development of the northerly-situated upland 
pericarpathian zones, which differ from the in-
ner part of the Carpathian Basin by having a 

considerably wetter climate (Spinoni et al., 
2016). Similarly, while substantial work has 
been undertaken to characterize climatic fluc-
tuations of the first order (interglacial pale-
osols), very little is known about soil develop-
ment during second and third order climatic 
fluctuations, i.e. during interstadials.   
To fill these gaps in our knowledge, we inves-
tigated the Bíňa LPS situated in the Pohronská 
Uplands (SW Slovakia), in the area of the 
northern limit of the Pannonian loess (Fig. 1). 
Our investigations in this relatively poorly 
documented region on the north-western edge 
of the Carpathian Basin provide valuable in-
formation and add important knowledge to al-
ready-detailed southeast and south-central Eu-
ropean loess records.  
In this study we present the results of multi-
proxy research (soil micromorphology, gran-
ulometry, environmental magnetism, malacol-
ogy, and geochemistry) on the Pleniglacial 
(MIS 2-4) sequence of sediments and pale-
osols. The main goal was to interpret results 
concerning local pedogenic evolution and pe-
dostratigraphy (with special attention to the 
early Middle Pleniglacial period) and to dis-
cuss these findings in the context of the facies 
variability of the Last Glacial European pedo-
sedimentary record. This study also highlights 
the role of local geomorphological and hydro-
logical settings on soil development and 
preservation. 

2. Regional and local settings
The research area is situated on the north-
western edge of the Carpathian Basin along 
the Danube Uplands (Fig. 1). This part of the 
basin consists mainly of Neogene carbonate 
rocks of the Danube Basin covered by Quater-
nary colluvial and fluvial sediments, loess, 
and loess-like sediments. The border between 
loess and loess-like sediments is very sharp, 
situated approximately 15 km north of the 
study sites. The prevailing soil type is cherno-
zem developed on loess; alluvial deposits are 
covered mostly by fluvisols. Within the Hron 
River valley, willow-poplar forests and relicts 
of alluvial forests with Salix, Quercus and 
Ulmus dominate, whereas the rest of the area 
is currently arable land. The climate is warm 
and rather dry, with a mild winter. The mean 



annual temperature is 8.5 °C (January -2.5 °C; 
July 20 °C) and the annual precipitation is 
500-550 mm. The wind direction is predomi-
nantly northwesterly. 
The studied outcrop is exposed on the right 
bank of the Hron River between the villages 
of Bíňa and Bíňa (47.942° N, 18.649 E°; 111 
m a.s.l.; Fig. 2) and is up to 12 m high and 600 
m wide. An overview scheme of the section 
and sampled profiles are shown in Figs 2 and 
3. Fluvial gravel and sand of the Hron River
are covered by a sequence of loess, loess de-
rivatives, and colluvial sediments with inter-
calated paleosol horizons. The general 
lithostratigraphy of the section is provided by 
Halouzka and Smidt (1979), who assigned the 
sequences to the Weichselian Glacial. The 
first malacological investigations of the site 
were performed by Ložek (1952; 1965; 1976); 
this work was limited to the northern part of 
the loess section (without paleosols horizons), 
which were accessible at the time of his inves-
tigations. 

3. Methods

3.1. Field work and sampling 
The exposed outcrop was described and sam-
pled during the spring of 2015. This study re-
fers to three profiles: a 10.5 m long profile, P2, 
sampled in the central part of the outcrop, and 

a10 m long profile, P1, and a 3.5 long profile, 
P3, which were sampled in the northern part 
of the outcrop (see Fig. 2). Unoriented sam-
ples for laboratory analyses were collected 
continuously at 5 cm intervals from the 
cleaned profiles P2 and P1. The descriptions 
of the soils and sediments of the studied sec-
tion are based on field observations and mi-
cromorphological studies. 

3.2. Rock magnetic measurements 
Mass-specific low frequency magnetic sus-
ceptibility (χlf, here referred to as χ) was 
measured at 0.976 kHz, and high frequency 
magnetic susceptibility (χhf) at 3.904 kHz, us-
ing a KLY-4 kappabridge (AGICO, Brno). 
The difference between the two measurements 
gives the frequency-dependent susceptibility, 
expressed here as a percentage of χfd using the 
following equation: 
 χfd% = (χlf − χhf) / (χlf) × 100. 

3.3. Geochemical and grain size analyses 
X-ray fluorescence (XRF) measurements 
were performed on bulk samples collected at 
5 cm intervals from profiles P2 and P1 using a 
NITON XL3t 950 GOLDD + (Thermo Scien-
tific) spectrometer with a 50 kV Ag tube and 
large-area SD detector. The XRF signals of 
some 20 elements were determined, but only 

Fig. 1: Topographic map showing the location of the Bíňa site in south-eastern Europe. The sites mentioned in this paper 
are abbreviated as: DV (Dolní Věstonice), St (Sütto), Tok (Tokaj), Crv (Ćrvenka), and Sur (Surduk). 



the results for Ca, Sr, and Rb are discussed in 
this paper. 
After removal of carbonate and organic matter 
by H2O2 and HCl, respectively, the particle 
size distribution of samples from profile P1 
was obtained using a CILAS 1190 LD laser 
granulometer, which provides a measurement 
range from 0.04 to 2500 μm. 
3.4. Micromorphology 
Oriented soil samples from each lithological 
layer of profile P1 (10 samples) and profile P2 
(8 samples) were placed into small Kubiena 
boxes (dimensions 3 × 5 cm). After slow dry-
ing and subsequent impregnation with a poly-
mer resin, thin sections were produced from 
samples at the laboratory of the Institute of 
Geology CAS (equivalent to Bullock et al., 
1985; Stoops, 2003). The thin sections were 
studied under a polarizing microscope at a 
magnification of 16–800× and interpreted ac-
cording to Stoops et al. (2010). 

3.5. Malacological analyses 
Bulk samples for malacological analyses (15-

20 dm3) were collected continuously at 20 cm 
intervals from profile P3 and from selected 
horizons of profile P1. The samples were 
washed through a sieve of mesh size 0.5 mm 
and air dried. Shells and their fragments were 
hand sorted under a dissecting stereomicro-
scope and identified using the methodology 
devised by Ložek (1964) and Horsák et al. 
(2013). The latter was also used for mollusc 
nomenclature with some updates according to 
Horsák et al. (2015). 

3.6 Luminiscence dating 
For standard OSL measurements, fine grains 
of quartz (4–11 μm) were extracted from the 
samples. The laboratory protocol includes 
several chemical treatment steps such as treat-
ment with 20% HCl, 20% H2O2, and H2SiF6. 
Subsequently, the sediment was rinsed in de-
ionized water. After drying, the sediment was 
suspended in alcohol and grains in the desired 
diameter range were extracted by sedimenta-
tion. The cleaned quartz grains were sus-
pended in 50 ml of acetone, and 2 ml of the 

Fig. 2: A - Panoramic photograph of the exposed wall; B - Overview scheme of the studied outcrop and investigated profiles 
P1, P2 and P3. 



suspension was pipetted into flat bottomed 
tubes with stainless steel discs placed in them. 
The grains settled on the disc surface and after 
evaporation of the acetone, discs with a mon-
olayer of fine polymineral grains were ob-
tained. 
All OSL measurements were made using an 
automated Daybreak 2200 TL/OSL reader. 
Laboratory irradiations were performed using 
a calibrated 90Sr/90Y beta source mounted onto 
the reader delivering a dose rate of 2.8 
Gy/min, and a 6 mm Hoya U-340 filter was 
used for the OSL. Equivalent doses were de-
termined using the single-aliquot regenera-
tive-dose (SAR) protocol (Murray and Wintle, 
2000). Ages were calculated using the Central 
Age Model (CAM) (Galbraith et al., 1999). 

4. Results and interpretations

4.1 Litho- and pedostratigraphy 
As visible on the overview scheme (Fig. 2), 
the study outcrop shows considerable lateral 
divergence. The pedo-sedimentary record is 
most stratified in the central part of the out-
crop, whereas in the marginal parts of the 
study outcrop the sequence did not develop 
due to local geomorphology and eventually 
eroded in the later phases. On the basis of our 
field observations, we divided the sedimen-
tary record of the central part into four main 
sequences (A-B-C-D), corresponding to major 
environmental changes that occurred during 
the formation (Fig. 3): 
Sequence A – sandy silt and laminated loess; 
Sequence B – dark brown soils and soil sedi-
ment; 
Sequence C – pellet sands and light brown 
paleosol; 
Sequence D – loess, pellet sands, and weakly 
developed grey-brown paleosol in the upper 
part. 
Within the four divided zones, 13 lithological 
units (LUs) can be distinguished (profile P2). 
Units 1-4 and 6 were recorded also in the 
northern part of the outcrop (profile P1, Fig. 
2). Correlation between profiles P1 and P 2 
was based on macroscopic and microscopic 
evaluations as well as on the comparison of 
geochemical/rock-magnetic proxies. The gen-

eral lithological description of these units, re-
ported from the base of the section upwards, 
is as follows: 
14 – fluvial sandy gravel with abundant Fe/Mn con-
cretions (only in the profile P2) 
13b – up to 1.5 m thick greenish grey (5GY 6/1) cal-
careous sandy silt, strongly marked by ox/redox. signs 
(Fe and Mn concretions and belts) (only in the profile 
P2) 
13a –yellow (10YR 8/6) calcareous sandy silt, cryotur-
bation (ice wedges) (only in the profile P2) 
12b – pale yellow (5YR 8/3) calcareous silt (loess) 
with well-discernible laminated structure 
12a – laminated loess with crotovinas (unit 12 is not 
diferenced in the profile P2) 
11 – up to 50 cm thick very dark brown (7.5YR 8/0) 
soil with prismatic structure; cryoturbation (ice 
wedges) (only in the profile P2) 
10 – dark grey (5YR 3/1) silt and sand with the hori-
zontal lamination (only in the profile P2) 
9b – 80 cm thick dark brown (10YR 4/3) soil with sig-
nificant prismatic structure and sand admixture (only 
in the profile P2) 
9a– reddish brown (5YR 4/3) silt and sand with the 
horizontal lamination; soil sediment (only in the pro-
file P2) 
8 – up to 60 cm thick white carbonate horizon with 
flaky structure (only in the profile P2) 
7b – dark reddish brown (5YR 2.5/2) soil with signifi-
cant prismatic structure and crotovinas in the upper 
part, cryoturbation (ice wedges) 
7a – reddish grey (5YR 5/1) silt and sand with the hor-
izontal lamination; soil sediment 
6 – yellow (10YR8/4) loess and pellet sands (sensu 
Kukla, 1961) 
5 – up to 110 cm thick horizon of reddish yellow 
(7.5YR 7/6) soil with carbonate horizon and crotovi-
nas below 
4 – yellow (10YR8/6) loess and pellet sands (sensu 
Kukla, 1961) with aggregates up to 0.4 cm in diameter  
3 – slightly grey 25-50 cm thick horizon of very weak 
develop soil 
2 – pale yellow (2.5Y8/3) loess 
1 – black (2.5Y3/3) Ah horizon of recent soil 

4.2. Chronology 
The results on 5 OSL data are presented in Ta-
ble 1. The ages show good stratigraphic con-
sistency, with no inversions outside error lim-
its. According to absolute chronology, zone A 
(sandy silt and laminated loess) accumulated 
mostly up to approximately 63 ka BP, zone B 
(dark/brown soils and soil sediment) devel-
oped approximately from 60 to 50 ka BP, and 
zones C and D (loess, pellet sands and weakly 
developed paleosols) correspond to the period 
50-20 ka BP.   



Ten samples from P2 and five samples from 
P1 were taken from significant horizons of 
these profiles for micromorphological evalua-
tion. The main features of these horizons are 
summarized in Table 2 and shown in Figure 4. 
The final interpretation of macroscopically 
distinguished horizons was based on micro-
morphological observations, mainly in cases 
of soil horizons where post-sedimentary pro-
cesses tended to overprint the original fea-
tures. Finally, features connected with a wet 
environment were confirmed at the base of the 
section, followed by loess sedimentation in-
terrupted by soil development still in a quite 
wet environment (until a depth of 550 cm, 
sample P2/8). Glacial aridisation reflected by 
loess sedimentation with typical freezing 
structures and the sedimentation of pellet 
sands was recorded in the upper part of the 
studied section. 

4.4. Grain size, rock magnetism, geochemical 
results, and their interpretation 
4.4.1. Grain size results 
A continuous record of grain size variations 
along the 10.5 m high profile, P2, showed 
good agreement with pedo-lithostratigraphy 
(Fig. 3). Within sequence A, coarse silt (20-50 
µm) predominated (~76%) and clay content 
(<4 µm) ranged between 6 and 11%. Within 
the uppermost part of LU_12b, sand (>63 µm) 
was found to comprise up to 40% of the total 
content. 
In general, sequence B (soil horizons and soil 
sediments) was enriched in clay in compari-
son with deposits located below and above. 
The clay content ranged between 9 and 18%. 
The highest amount of clay was found in up-
per dark soil (LU6). The increase in the sand 
fraction corresponded with the sediment hori-
zons (LU_5 and LU_8). 

Within sequence C, the highest content of clay 
(up to 24%) corresponded to the horizon of 
light brown paleosol (LU_5). The underlying 
horizon of pellet sands (LU_6) was marked by 
a distinct increase in sand (up to 35%). The 
above-situated loess (LU_4; sequence D) ex-
hibited continually decreasing clay content at 
the expense of coarse silt and sand. Within this 
unit, the slight increase in clay content corre-
lated with a weak soil horizon (LU_3). Holo-
cene soil (LU_1) was also enriched in clay rel-
ative to the sedimentary record below. 

4.4.2. Rock magnetism 
Likewise, rock magnetic records (Fig. 3) cor-
related well with the lithology. In general, 
paleosols were characterized by magnetic en-
hancement, unlike loess, pellet sands and ba-
sal sandy silts. Maximum χ values as well as 
χfd occurred in Holocene topsoil (LU_1), 
whereas minimum values were measured in 
the basal sandy silts of profile P1. 
The magnetic enhancement of paleosol hori-
zons can be related to a higher concentration 
of fine-grained magnetite formed in situ. This 
is suggested by elevated values of χfd, which 
indicate the proportion of fine viscous mag-
netic grains just below the SP/SD boundary 
(∼0.02 μm; Thompson and Oldfield, 1986). 
This grain-size fraction is preferably formed 
during pedogenesis (Heller and Evans, 1995). 
In our study, the increased magnetic values for 
pellet sands (LU_6) probably related to the 
amount of top-soil particles in the reworked 
sediment. These findings are in accordance 
with the basic principle of environmental 
magnetism in loess – i.e., that the enhance-
ment of magnetic minerals derived from sili-
cate minerals occurs through pedogenesis 
(Maher, 1991; Hambach et al., 2008). 

Lab. 
Code 

Sample 
ID 

Sampling 
Depth 
(cm) 

H2O 
(%) 

U 
(Bq/kg) 

Th 
(Bq/kg) 

K 
(Bq/kg) 

Dose rate 
(Gy/ka) 

OSL Age 
(ka) 

2319 P2_125 125 15±5 30±1 39±1 427±11 2.49±0.16 22.4±1.6

2320 P2_200 200 15±5 29±1 44±1 408± 11 2.48±0.16 36.3±2.9

2321 P2_400 400 15±5 32±1 49±1 458±12 2.72±0.17 36.3±2.3

2322 P2_600 600 15±5 29±1 44±1 451±11 2.54±0.16 53.9±3.8

2323 P2_840 840 15±5 27±1 44±1 514±14 2.67±0.18 62.9±4.3

Table 1: Dose rate. equivalent dose data and OSL ages. H2O % = measured water content (water mass over dry 
sediment mass); U = Uranium; Th = Thorium; K = Potassium. 



In both profiles, magnetic enhancement (in-
creasing χfd and χ values) was obvious in all 
strata, except for the initial pseudogley hori-
zon (LU_3), where signs of depletion of pri-
mary MD and SD grains relative to SP parti-
cles were found, probably due to the effect of 
waterlogging. 

4.4.3. Geochemical results 
The values of Rb/Sr and Ca content from pro-
files P2 and P1 are summarized in Fig. 3. The 
Rb/Sr ratio was used to evaluate the intensity 
of chemical weathering in particular horizons. 

Rb is little affected by sediment diagene-
sis/pedogenesis, as it is strongly retained in the 
weathering zone by its sorption onto clay min-
erals (Nesbitt et al., 1980). In contrast, Sr is a 
mobile element bound in Ca-feldspars and pri-
mary carbonates and is easily soluble during 
leaching and chemical weathering processes. 
Such a simple ratio of more mobile (Sr) to rel-
atively immobile (Rb) elements can be used as 
a reliable indicator of the degree of chemical 
weathering and the intensity of leaching in 
sediments (Gallet et al., 1996; Chen et al., 
1999) or as a useful climatostratigraphic tool 

Fig. 3: Graphs of Rb/Sr, Ca, magnetic susceptibility, and grain size variation together with the lithostratigraphy 
of the sampled profiles. 
Fig. 3: Graphs of Rb/Sr, Ca, magnetic susceptibility, and grain size variation together with the lithostratigraphy 
of the sampled profiles. 
Fig. 3: Graphs of Rb/Sr, Ca, magnetic susceptibility, and grain size variation together with the lithostratigraphy of the sam-
pled profiles. 



(Hošek et al., 2015). The Rb/Sr ratio has pre-
viously been applied to LPSs in the European 
loess belt (Bokhorst et al., 2009; Bábek et al., 
2011; Hošek et al., 2015; Profe et al., 2016) 
including several sites inside the Carpathian 
Basin (Buggle et al., 2011). In our study, the 
Rb/Sr ratio for both studied profiles reflected 
the lithology: maximum values correlated 
with the soil horizons (LUs_11, 9, 7 and 5), 
and with minimum values in loess, pellet 
sands and colluvial sediment. The values of 
Rb/Sr within units LU_2-4 exhibited a contin-
ually decreasing trend towards the Holocene 
soil, except for the weak soil horizon (LU_3), 
where these values were slightly increased. 

The positive relationships between Rb/Sr ra-
tio, clay content, and magnetic susceptibility 
(Fig. 3) suggests that all these proxies are 
driven by interrelated processes, most proba-
bly by the intensity of the pedogenesis and 
chemical weathering of the primary (silty) ma-
terial. In our study, the highest Ca values in 
both sections corresponded with carbonate ho-
rizons of paleosols. Calcareous sandy silt, lo-
ess, as well as pellet sands were also enriched 
in carbonates. In contrast, the non-calcareous 
character of all recognized soils indicated de-
carbonisation as a result of pedogenesis pro-
cesses. 

Fig. 4: Micromorphological features of the significant horizons of profiles P1 and P2; a - micritic impregnation of the matrix 
with the presence of sparitic pseudomorphoses after the root cells (blue arrows); b - platy microstructure as a result of freezing 
thawing processes. Fe/Mn concentrations developed mainly in the upper part of the picture have a different shape and size; 
c - well developed passage features and excremental features (blue arrows) representing intensive bioturbation; d - clay 
neoformation (blue arrow), e - gleying indicated by redoximorphic features composed mainly of neoformed dendritic Fe/Mn 
aggregated nodules; f - small redoximorphic nodules and the brownish matrix as a result of initial braunification. 
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4.5. Interpretation of the malacofauna 
Both sections provided rich mollusc records 
covering in total 12,742 shells identified as 45 
The assemblages consisted mostly of open 

land species (e.g. Vallonia and Pupilla spp.) 
and species characteristic of glacial steppe 
conditions (e.g. V. tenuilabris, P. loessica and 
Columella columella) with a significant share 
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of moisture-demanding species (e.g. Pupilla 
alpicola and Vertigo pseudosubstriata) and 
many aquatic molluscs (e.g. Pisidium stew-
arti) (Fig.6). 
The bottom part of profile P2 (Sequence A) 
was very poor in shells, but starting at a depth 
of 880 cm, the mollusc record became robust. 
The assemblages were composed of a mixture 
of many typical glacial species with a rather 
low proportion of xerophilous steppe species 
(at depths of 830-800 cm), an abundant spe-
cies of damp habitats, and many aquatic spe-
cies. 

Within sequence B, the mollusc record was 
variable, as, at a depth of 780-760 cm (LU_ 
11), virtually no shells were recorded, but rich 
assemblages of aquatic species were found be-
tween 760 and 710 cm (LU_10). The rest of 
this sequence (between 710-510 cm; LU_9-7) 
was in general similar to the lower part (espe-
cially at depths of 650-675 cm) before the 
presence of purely aquatic assemblages, 
though the assemblages were notably poorer 
both in individuals and species, these consist-
ing mostly of generalist and xerophilous spe-
cies. The same was found for sequence C, 

which was also poor in individuals and spe-
cies, providing records for some generalist,xe-
rophilous and/or steppe species (e.g. Heli-
copsis striata and Chondrula tridens). 
The uppermost sequence, D, was again rich in 
shells, especially in the upper part (at a depth 
of 150-75 cm; LU_3-2), hosting mostly spe-
cies of steppe habitats and two species of me-
sic-wet habitats. Generally, an important shift 
in the environment was detected from a depth 
of 710 cm, since no aquatic species were rec-
orded, except for five shells of three species at 
depths of 360-340 cm (LU_5). 

5. Discussion

5.1. Lithostratigraphy and environmental de-
velopment of the site 
On the basis of its stratigraphic position and 
OSL ages (Fig. 2, Table 1), the sedimentary 
record of the Bíňa site was accumulated dur-
ing the last Pleniglacial. Using a multi-proxy 
approach that combined sedimentological, ge-
ochemical, and geophysical methods with the 
malacological record and soil micromorphol-
ogy, we were able to reconstruct the environ-

Fig. 6: Plots showing the percent abundance within major ecological groups and total 



mental evolution at the study site. The recon-
structed development comprises four main 
phases of sedimentation and pedogenesis 
(Figs 7-10): MIS 4, Early MIS 3, Middle and 
late MIS 3, and MIS 2, which are discussed in 
detail below. 

5.1.1. MIS 4 (sequence A; Fig. 7) 
The snail assemblages (Figs. 5 and 6) obtained 
from calcareous silt with a significant lami-
nated structure (LUs_13a -12; upper part of 
the profile P3; Fig. 2) are characterized by a 
specific combination of wetland and aquatic 
species (e.g. Pupilla alpicola and Pisidium 
stewarti), with an admixture of common loess 
steppe elements (e.g. Vallonia tenuilabris and 
Columella columella). The calcification of 
this stratum took place in situ as indicated by 
micritic impregnation of the matrix with the 
presence of sparitic pseudomorphoses of root 
cells (sample P1 - 715 cm, Fig. 4a.).  Rare pas-
sage features and the limited presence of chan-
nels reflect the unclear biogenic influence of 
these strata. The mollusc record, along with 
textural and structural features of the sedi-
ment, indicate an environment of ephemeral 

swamp or water body in the overbank alluvial 
area, in which dust was deposited - so called 
‘swamp loess’ or ‘Sumpflöss’ (sensu Ložek, 
2001).   
Within these overbank alluvials, a paleo-chan-
nel structure filled by loess and colluvial de-
posits (LU 13b, Figs. 2 and 3) was identified. 
Fe-Mn oxide precipitations of various types 
indicate pervasive gleying related to repeated 
oscillation of the ground water table (sample 
P2/2, Fig. 4b). On the macroscopic level, this 
is expressed by a predominantly reduced 
greenish grey background, accompanied by 

rusty mottles and concretions. This sedimen-
tation resembles a limnic environment, but 
with shallow water conditions, in which water 
mostly stagnated and in which only a small 
amount of sediment was periodically depos-
ited. This is clearly supported by the malaco-
logical record consisting of species character-
istic of a loess environment enriched by sev-
eral aquatic species of shallow waters (e.g. Bi-
thynia transsilvanica and Pisidium obtusale). 
On the basis of the OSL 62.9±2.9 ka (Tab. 1, 
Fig. 3), the sedimentary record of sequence A 
probably correlates with the Early Plenigla-
cial, i.e. MIS 4 (60-71 ka). This interpretation 
is supported by the presence of cold-adapted 
species within this horizon (e.g. Pupilla lo-
essica, Columella columella and Vertigo 
pseudosubstriata) and by cryoturbation fea-
tures (ice wedges) founded in horizon LU_13a 
(Figs. 2 and 3). The general platy microstruc-
ture of this stratum provides further evidence 
of alternating freeze/thaw processes related to 
the presence of permafrost (sample P2/2; Fig. 
4b). This finding is in accordance with obser-
vations from the central and eastern parts of 
Poland and western Ukraine, where perma-

frost developed in the latest part of the Early 
Pleniglacial (potentially equivalent to Hein-
rich Event 6) (Jary, 2009). 

5.1.2. Early MIS 3 (sequence B; Fig. 8) 
The elevated Rb/Sr ratio and increased clay 
content in the dark layer developed on the 
paleo-channel deposits (LU_11, Fig. 3) indi-
cate more intensive weathering processes re-
lated to this horizon. The in situ pedogenic 
origin of this layer is suggested by micromor-
phological features such as abundant bioturba-

Fig. 7: Schematical cross-section of the site illustrating the pedo-sedimentary evolution during the MIS 4 (~70-60 ka BP). 



tions, redoximorphosis, a hypocoating com-
posed of Fe-bearing structures, and clay min-
erals (sample P2/3, Fig. 4c). Taking into ac-
count the position of this soil on the top of the 
paleo-channel, this soil would be classified as 
a humic horizon of Phaeozem – a hydromor-
phic type of chernozem (FAO, 2014) based on 
the presence of amorphous organic matter and 
a significant depletion of the matrix (see Tab. 
2). On the basis of the OSL age of 62.9±2.9 ka 

obtained from the layer below (the uppermost 
part of sequence A), the occurrence of the hu-
mic horizon can be correlated with the begin-
ning of the MPG (MIS 3; ~ 60-30 ka BP). 
Thus, our pedostratigrpahic and chronostrati-
graphic observations and interpretations are in 
obvious contradiction with the previous 
lithostratigraphical conclusions of Halouzka 
and Smidt (1979), who correlated the pedo-
complex of sequence B with Eemian/Early 
Weichselian paleosols. 

The intensive cryoturbation of the Phaeozem 
horizon observed at the transition of the sub-
stratum to a distinct colluvial sediment layer 
(LU_10, Fig. 3) on the surface of the Phaeo-
zem reflects some short-term climatic deterio-
ration which followed pedogenesis and was 

accompanied by erosion events and frost-thaw 
processes. The intensity of this cryoturbation 
might be connected with the presence of wa-
terlogging.  
After this cold event, climatic amelioration 
occurred. A warmer and more humid period 
was recorded in two genetically independent 
soil horizons of prismatic macrostructure 
(LU_9b and LU_7b) separated by colluvial 
sediment (LU_9a). The increased Rb/Sr ratio, 

enhanced magnetic susceptibility, and, in the 
case of the upper soil of the complex, signifi-
cantly higher clay content (Fig. 3) are clear 
signs of enhanced in situ weathering and pe-
dogenesis. The non-calcareous character of 
most of these soils and a porostriatic b-fabric 
points to decalcification that was followed by 
clay neoformation (dusty dark brown clay 
coatings in the upper soil (LU_7b, sample 
P2/8; Fig. 4d). Soils of this pedocomplex rep-
resent Bw horizons of Gleyic Cambisol, alt-
hough the lower one (LU_9b) is rather weakly 
developed and probably also affected to some 
extent by relocation, as evident from the low 
clay content and relocated fragments of clay 
coatings and Fe-oxide nodules. Loess and/or 
silty colluvial sediment was probably the sub-

Fig. 8: Schematical cross-sections of the site illustrating the pedo-sedimentary evolution during the Early MIS 3 (~60-50 ka 
BP). 



strate of the upper soil. Later soil forming pro-
cesses transformed this material into a white 
layer of silt with a flaky structure (LU_8), 
which we interpret as a Ca horizon of the up-
per soil. This interpretation is supported by the 
micritic carbonate prevailing in the matrix and 
by the absence of molluscs and other biologi-
cal residues of the aquatic environment (table 
2). 
The gleying process in both soils is indicated 
by abundant redoximorphosis composed 
mainly of neoformed dendritic Fe-Mn oxides 
(aggregate nodules) (P2/8, Fig. 4e). 
However, it should be noted that these nodules 
cannot be interpreted only as a result of coeval 
pedogenesis, since they occur in all strata in-
cluding soil horizons, loess layers, and loess 
derivatives (see Tab. 2). These nodules obvi-
ously resulted from in situ, but post-deposi-
tional redoximorphic processes (Lindbo et al., 
2010). In some parts, visible bacterial Fe ox-
ide staining is a clear sign of water table oscil-
lations and frost-thaw processes (Van Vliet-
Lanoë, 1998). 
In contrast, the position of sequence B above 
the paleo-channel (Fig. 2), where more mois-
ture was available, could be attributed to pe-
dogenesis of remarkable intensity. A similar 
situation was previously described at the Dat-
thausen site along the upper Danube River in 
SW Germany (Sauer et al., 2016). Together, 
convex morphology and the cohesive surface 
of the channel structure, where a high dynamic 
of colluvial sediment aggradation would be 
expected, promoted distinct soil differentia-
tion (soil divergence) and allowed the for-
mation of the pedocomplex. In contrast, soil 
development outside the paleo-channel, in flat 
relief, would have been limited; that is, poly-
genetic soil forming processes (soil diver-
gence) resulted in less differentiation of the 
particular soil sequence. The thickness of the 
soil horizons outside the paleo-channel de-
pression could also have been significantly re-
duced by later erosion processes.  
In the context of the Carpathian Basin, there is 
no evidence for this kind of paleosol develop-
ment during the early MPG. The described 
pedo-sedimentary sequence is much more 
similar to records from north-west Europe. 

Among these, the sequence at the Schwal-
benberg section in the Middle Rhine valley 
bears, in particular, a striking resemblance to 
the record from Bíňa. At Schwalbenberg, the 
basal soils of the lithostratigraphic Ahrgau 
Member unit – two individual Bw horizons of 
calcic Cambisol separated by soil sediments 
(Remagen R1 and R2) – have been evaluated 
as the most mature MPG soils (Frechen and 
Schrimer, 2011; Schirmer, 2012; Schirmer, 
2016). The development of these soils has 
been dated, similarly to those from Bíňa, to 
between 62.4±6.5 ka and 50.6±6.0 ka (Klasen 
et al., 2015), and they have been directly cor-
related with the Greenland interstadials GI-
17+16 and GI-14 (Shirmer, 2016). Further ev-
idence of a stratigraphically corresponding pe-
dogenesis during the early MPG has been 
found at the Nussloch site in the Upper Rhine 
area (Gräselberger soils), within the area of 
Northern France (the lower horizon of the Vil-
liers-Adam soil complex; Antoine et al., 
2003), and in Belgium (the Les Vaux Soil; 
Haesaerts, 1985). All these Cambisols have 
been dated to ±55 ka.  However, in compari-
son with these soils, the diminution of the par-
ticular paleosols of sequence B at Bíňa seems 
to be less pronounced and thus these Cambi-
sols at Bíňa are preserved in a more complete 
state. 
Further pedostratigraphic and paleogeo-
graphic implications of the paleosols from se-
quence B are discussed in section 5.2. 

5.1.3. Middle and late MIS 3 (sequence C, Fig. 
9.) 
The accumulation of the 0.3-0.5 m thick layer 
of loess and pellet sands at the base of se-
quence C correlates with the climatic deterio-
ration after the preceding warm (and humid) 
period of the early MPG. The age of 53.9 ± 2.5 
ka obtained from that strata is remarkably sim-
ilar to the ages of MPG loess units from many 
Carpathian sites (‘VL1L2’ loess of Marković 
et al., 2008); for instance, 56±4 ka from the 
Serbian Crvenka site (Stevens et al., 2011) and 
53±4 ka and 47±4 ka from the Hungarian sites 
Tokaj, (Schatz et al., 2012) and Süttő, (No-
vothny et al., 2011), respectively. This in-
crease in aeolian activity during the middle 



MIS 3 has, however, been observed through-
out the European Loess Belt.  

The steep increase in Rb/Sr ratio and clay con-
tent as well as in magnetic enhancement ob-
served in the above lying soil horizon (LU_5) 
indicate moister and warmer climate condi-
tions than those prevailing during the accumu-
lation of loess- and pellet-sand before. Several 
micromorphological features, such as the 
presence of Fe-Mn-oxides (brunification), in-
dicate the beginning of cambic processes con-
nected with the pseudogleying in this horizon 
(Fig. 4g sample P1 - 480), which are probably 
the result of climatic warming in combination 
with increased precipitation. The presence of 
micromorphological common passage fea-
tures reflects high bioturbation activity. In 
comparison with the lower paleosols (se-
quence B), this horizon exhibits remarkably 
weaker signs of hydromorphic processes, 
which is probably because of changes in the 
local topography. This observation can be 
connected with the Hron River incision (Fig. 
9) and a subsequent decrease in the water ta-
ble, which hampered the availability of addi-
tional moisture and hence influenced the pe-
dogenesis and diagenesis of the upper se-
quences (C and D).   

According to its stratigraphic position and the 
OSL date of 36±1.4 ka obtained from the layer 
above the uppermost Cambisol horizon 
(LU_5), this paleosol probably corresponds to 
the boreal brown soil of the lower half of the 
MPG soil complex PKI (Stillfried B), known 
from many central European loess sites (see 

Kukla, 1975). This soil formation is broadly 
correlated with the NW European interstadial 

Denekamp (ca 35.5–32.5 ka, GI-8–5), alt-
hough the lower boundary of this complex 
may belong to the interval denoted Hengelo 
(ca 43.5–41.5 ka, GI-11+10) (Richter et al., 
2009; Antoine et al., 2013). In NW Europe, 
these soils correspond, for instance, to Cambi-
sol horizons of the Saint-Acheul/Villiers-
Adamm in France (Bahain et al., 1996), Loh-
ner Boden in Germany (Bibus et al., 1989), 
and the les Vaux soil complexes Haesaerts and 
Van Vliet-Lanoë, 1974). Across the middle 
and lower Danube Basin, paleosol horizons of 
corresponding ages have been documented 
from numerous LPSs (e.g. Fuchs et al., 2008, 
2013; Novothny et al., 2011; Stevens et al., 
2011; Timar-Gabor et al., 2016; Constantin et 
al., 2014). They vary here along the NW-SE 
transect from boreal brown soils and soils re-
lated to the parklands and grasslands of the 
Middle Danube, to the dry steppe soils of the 
Lower Danube lowlands (Marković et al., 
2015). 
From this point of view, the relatively strong 
cambic processes related to the uppermost 
Cambisol horizon at the study site suggest that 
this paleosol is more similar to the bioclima-
topedo-zones of the more westerly situated ar-
eas of the European Loess Belt rather than to 
those from the inner parts of the Carpathian 
Basins. 

5.1.3. MIS 3/2 – MIS 2 (sequence D; Figs. 9 
and 10) 
Some recent studies from the Middle and 

Fig. 9: Schematical cross-section of the site illustrating the pedo-sedimentary evolution during the Middle and Late MIS 3 and 
MIS 2 (~50-20 ka BP). 



Lower Danube Basin (Obreht et al., 2011; 
Zeeden et al., 2016) as well as palynological 
records from Western Europe (Sirocko et al., 
2016) report a significant trend of continental-
ization during the late MIS 3 culminating in an 
increase in aeolian sedimentation and a shift 
from boreal forest to steppe conditions at ~37 
ka BP.  At the study site, this climatic shift 
might be represented by the thick layer of pel-
let sands (LU_4; Figs. 2 and 3) dated to 
36.3±1.4 ka and 36.3±1.9 ka BP. The presence 
of these slope deposits within the sedimentary 
sequence has a direct climate-indicative sig-
nificance, since they probably represent tor-
rential rains that followed prolonged warm 
and dry seasons (Kukla et al., 1961; Butzer 
and Isaac, 1975). Such interpretations corre-
spond to the stratigraphic position of the pellet 
sands in our profiles, as they cover the clayey 
soil horizons (LU_7 and 5). The presence of 
soil particles in this sediment is also supported 
by elevated χ values within the pellet sands 
(Fig. 3). Malacological records from these 
strata (Figs. 5 and 6) indicate the environmen-
tal conditions of a glacial steppe with the pres-
ence of some damper tundra habitats (wetland 
snail Pupilla alpicola). However, as no single 
aquatic species was found, climatic conditions 
would probably have been rather dry com-
pared to the older sequences.  
The loess body separated from the pellet sands 

by a distinct erosion event (Fig. 3) probably 
represents the MIS 2 peak in loess accumula-
tion observed elsewhere in the Carpathian Ba-
sin (e.g. Fuchs et al., 2008, Novothny et al. 

2011; Stevens et al., 2011) as well as from 
other sites of the European loess belt (see Fre-
chen, 2011). A weakly developed soil horizon 
intercalating basal loess accumulation slightly 
affected by cryogenic processes (cryo-desic-
cation micro-cracks) is interpreted as an initial 
pseudogley (LU_3) (Fig. 4f, sample P1_180). 
These pseudogley characteristics are reflected 
by the presence of small redoximorphic nod-
ules and initial brunification resulting from 
short-term increased precipitation in combina-
tion with a non-permeable substratum (the 
presence of permafrost).  Weathering/pedoge-
netic processes during phases of low sedimen-
tation rates are also reflected in the higher 
Rb/Sr ratio, slight magnetic enhancement, an 
increase in clay content, and decalcifcation of 
the particular horizon (Fig. 3). Compared es-
pecially to the loess horizons below and gen-
erally to the neighboring sediment layers, a 
notable increase in the number of preserved 
mollusc shells is observed (see Figs. 5 and 5b), 
probably linked to the stable environment of a 
developed grassland vegetation. Thus, during 
short-term interstadial warming, pedogenesis 
was promoted revealing the main characteris-
tics of the interstadial phases of the Upper 
Weichselian. Tundra gleys, which are rather 
rare in the continental interior and more fre-
quent in the Atlantic part of Europe, were 
formed at many European sites during the first 

half of the Late Pleniglacial (~26-20 ka); mol-
luscan assemblages found in the uppermost 
part of sequence D (LU_2) indicate, similarly 
to LU_6, a relative increase in cold steppe 

Fig. 10: Schematical cross-section of the site at the present time. 



conditions relating these strata to the LGM, 
during which open-country species such as 
Columella columella and Vallonia tenuilabris 
predominated (Fig. 5). The younger loess lay-
ers have probably been eroded, as shown by 
the sharp boundary that occurs between the lo-
ess and the Holocene topsoil. This finding is 
in accordance with observations at the Tokaj 
site (NE Hungary; Schatz et al., 2012), and 
also from many other LPSs throughout the 
Carpathian Basin (Marković et al., 2015). 

5.2. Local pedostratigraphy of the Early MIS 
3 in the supraregional context 
As recognized in ice-cores and marine records 
from the North Atlantic, the warmest period of 
the MIS 3 occurred in the lower part of this 
isotope stage, during the time interval from 
approx. 58–48 ka (NGRIP Members, 2004). 
Recently, the most detailed insight into the en-
vironmental responses of terrestrial ecosys-
tems to NA climatic shifts is provided by sed-
imentological and palaeobiological proxy data 
from lacustrine archives of the Eifel region 
(ELSA stacks, western Central Europe; Si-
rocko et al., 2016). Paleobotanic records 
clearly demonstrate a distinct increase in ther-
mophylous vegetation between 60–49 ka BP 
with maxima corresponding to the Greenland 
Interstadials  GI-17 and GI-16, and GI-13 and 
GI-14, (Landscape Evolution Zones – LEZs 9 
and 8). These peaks in tree pollen are in ac-
cordance with other records from peat and la-
custrine sediments of sub-Atlantic regions 
(Woillard and Mook, 1982; de Beaulieu and 
Reille, 1984; Guiot et al., 1989), where these 
warm and wet periods are usually associated 
with the NW-European interstadials Oerel and 
Glinde dated to 58-54 ka BP and 51-48 ka BP, 
respectively (Behre and van der Plicht, 1992). 
The increased moisture and vegetation cover 
and consequently suppressed aeolian sedi-
mentation should have made pedogenesis 
more dynamic. However, rapid warming of 
the MPG is, at many sites, represented by a 
strong erosion event and is rather linked to 
thermo-karst processes than to soil formation 
(Antoine et al., 2016). Consequently, a poten-
tially existing early MPG paleosol horizon 
could have been eroded by subsequent cli-

matic extremes (Huissteden et al., 2001). Fur-
thermore, the dating uncertainty of many LPS 
is large, which makes it difficult to assign in-
dividual paleosols to particular MIS 3 intersta-
dials, and thus some soils or soil complexes 
tend to date from more than one interstadial 
(e.g., Frechen et al., 2001). For these reasons 
the unambiguous correlation of the formation 
and preservation of paleopedological and lo-
essic horizons during the MIS 3 to individual 
NW European pollen-based interstadials or 
the Greenland Interstadials remains difficult 
(Marković et al, 2015). Well-stratified records 
of contemporaneous or alternating sedimenta-
tion and pedogenesis can thus only be pre-
served in specific hydroclimatic and geomor-
phological settings, where pedogenesis was 
promoted and paleosols were protected from 
erosion. 
Up to now, such kinds of records have only 
been known from the extra-Pannonian part of 
Europe. Among these, the most complete and 
detailed record of MPG paleosols was found 
at Schwalbenberg in the Middle Rhine valley, 
which revealed for the first time that paleosols 
developed during all MIS 3 interstadials, es-
pecially during the early MIS 3 (Schirmer, 
2016). At this site, two individual Bw hori-
zons of calcic Cambisol can be correlated to 
LPZs 9 (60-55 ka BP) and 8 (55-49 ka BP) 
(sensu Sirocko et al., 2016), clearly demon-
strating the close relationship between cli-
mate, vegetation and soil development. 
The pedo-sedimentary record of the Bíňa site 
suggests that the effect of early MPG humid 
phases, primarily known from the sub-Atlan-
tic region, were not necessarily restricted to 
the western part of Europe. On the basis of the 
OSL ages (62.9±2.9 ka and 53.9±2.5 ka) ob-
tained from the sediments under and above se-
quence B (Figs. 2 and 3), we can correlate the 
Phaeozem horizon (LU_11) and the lower Bw 
horizons of the Cambisol (LU_9b) to the 
Greenland interstadials GI-17/16 (NW-Euro-
pean Oerel interstadial). These soils may be 
equivalent to the Remagen R1 Cambisol from 
Schwalbenberg and could reflect the climatic 
amelioration detected in the Eifel maar record 



(LPZ 8, Sirocko et al., 2016). The develop-
ment of the upper and more strongly devel-
oped Cambisol (LU_7b) probably corre-
sponds to GI-14 (the Glinde interstadial). This 
interstadial are recognized in the ELSA stack 
record as the longest warm period of the MIS 
3, characterized by spruce and hornbeam for-
est with thermophilous trees (LPZ 8; Sirocko 
et al., 2016). This Cambisol (LU_7b) eventu-
ally belonged to the most prominent Green-
land interstadial GI-12, associated with the 
NW-European interstadial Moershoofd (see 
Fig. 11). The layer of soil sediment and silt 
(LU_8), which was transformed into the Ca 
horizon of the upper soil, was then probably 
deposited during the cold oscillation between 
the Oerel and Glinde interstadials (Ebersdorf 
stadial; Heinrich Event 5.2) and the overlay-
ing loess and pellet sands probably during the 
prominent cold oscillation HE 5.  

Although the pedogenesis in sequence B 
surely benefited from the specific local hydro- 
and geomorphological settings, this pedosedi-
mentary record is not necessarily limited to 
this particular site. A very similar record 
within the Carpathian Basin can be found at 
the Süttő site (approx. 30 km away; northern 
Hungary), where two thin horizons of weak 
brown soils are bordered with loess layers 
dated to 48.0±4 ka, 59.1±4.6 ka, and 64.8±5.2 
ka (Novothny et al., 2009), but attributed to 
the Early Weichselian period. Furthermore, 
along the lower Hron River there are several 
outcrops with preserved humic paleosols. 
They have not been dated so far; however, 
their stratigraphic position is very similar to 
those from Bíňa (e.g. Kamenica nad Hronom, 
Malá n. Hronom, Velké Ľudanice – Halouzka 

Fig. 11: Lithostratigraphy of the profile P2 and Rb/Sr record (proxy for chemical weathering intensity) correlated with the NGRIP 
oxygen isotope record (NGRIP members, 2004) and NW-European Weichselian interstadials. 



and Schmidt, 1979; Schmidt, 1979). In con-
trast, unambiguous correlation of the pedo-
sedimentary records of sequence B from Bíňa 
to records of the plateau-loess-facies from the 
Middle and Lower Danube regions is pres-
ently not possible. The dry to semi-arid condi-
tions, prevailing during the entire MIS 3 
around the threshold between loess formation 
and initial pedogenesis (Marković et al., 
2016), have resulted in hardly distinguishable 
differences between loess and initial pedo-
genic layers. 

Our observations support the idea that during 
the MPG the northern rim of the Carpathian 
Basin was climatically different from the cen-
tral and southern areas, where more continen-
tal conditions prevailed. 
Nowadays, cloud cover is further north and 
east than south and west of the Carpathians, 
which seem to block the clouds and the air 
masses coming from the regions north of the 
Carpathians (Philipp et al., 2010; Spinoni et 
al., 2016). As a result, there is higher precipi-
tation in the northern pericarpathian zones rel-
ative to the inner part of the Carpathian Basin. 
In the study area, the precipitation reaches up 
to 700 mm per annum, more than twice that in 
the inner part of the Carpathian Basin. Fur-
thermore, the precipitation is significantly in-
fluenced by the regional topography, creating 
a sharp boundary between loess and decalci-
fied loess-like sediments: loess-like sediments 
have been found at the same altitude only 15 
km to the North. 
Whereas during cold phases of the last Gla-
cial, the maximum extent of the northern Eu-
ropean ice sheet may have partially blocked 
the penetration of Atlantic air masses to the 
east (Dodonov and Baiguzina, 1995, Wohl-
farth, 2008), a sudden resumption of Atlantic 
Thermohaline Circulation during the MIS3 
caused the reorganisation of atmospheric cir-
culation.  The low-pressure was shifted to the 
east and slightly to the south, resulting in dom-
inant westerly air circulation which provided 
the moisture for easterly located regions of the 
North and West Carpathians (Barron and Pol-
lard, 2002). General climatic conditions could 
thus have been similar to those prevailing 
nowadays, with the highest precipitation in the 

mountains and up-slopes. 
In the Western Carpathians, the climatic ame-
lioration connected with the beginning of the 
MPG can be correlated with the humid phase 
revealed from the pollen record of the Šafářka 
site (Jankovská et al., 2002), situated in the 
Carpathian foothills (450 m a.s.l.) approx. 170 
km NE of the study site. In the pollen spec-
trum this phase was characterized by forest 
succession from Larix decidua to dense Picea 
abies taiga. Another western Carpathian MIS 
3 pollen and plant macrofossil record from 
peat deposits provides evidence for dense 
taiga forest cover until the onset of the Last 
Glacial Maximum (Jankovská and Pokorný, 
2008; Kuneš et al., 2008). Similarly, at two 
sites in the southern foothills of the Western 
Carpathians (approx. 80 km NE of the study 
site) a number of thermophile molluscs spe-
cies characteristic of woodlands were found, 
indicating the presence of relatively dense for-
est during the last Pleniglacial (Ložek, 2006).  

6. Conclusion

Here, we present the results of an interdisci-
plinary study of a new LPS site situated on the 
north-eastern edge of the Carpathian Basin 
along the Danube Uplands. Using a multi-
proxy approach based on sedimentological, 
geochemical, and rock-magnetic methods 
combined with a malacological record, soil 
micromorphology, and OSL dating, we recon-
structed the genetic sequence of erosion/sedi-
mentation processes and pedogenesis during 
the Last Pleniglacial (~ 60 to 20 ka BP). The 
study sequence represents the most complete 
pedo-sedimentary record of the middle 
Pleniglacial (MIS 3) within the northern Car-
pathian Basin, where the high dynamics of 
erosion during the last Pleniglacial signifi-
cantly limited sediment accumulation and soil 
preservation. 
The preservation as well as development of 
the well-stratified study record is closely re-
lated to the specific hydro- and geomorpho-
logical settings of a paleo-channel structure, 
which promoted the distinct differentiation of 
soils and allowed the formation of the well-
developed pedocomplex. Particular paleosols 
(Bw horizons of Cambisols) were correlated 



with the early MIS 3 Glinde and Oerel inter-
stadials in north-western Europe and with the 
middle/late MIS 3 Denekamp-Hengelo inter-
stadials. Although the soil development bene-
fited from the specific local settings, we pro-
pose that the recorded paleosols can also be 
related to the interregional climate differences 
of the Carpathian Basin: Within the northerly 
pericarpathian zones, moister climates pre-
dominated during the last Pleniglacial, in con-
trast to the drier more continental areas to the 
South. Our observations and interpretations 
suggest that the transitional zone between the 
two climate modes of the Upper Pleistocene 
within the Carpathian Basin was probably 
quite narrow. Yet, to confirm or reject this hy-
pothesis, further data from this northerly re-
gion are required. 
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a b s t r a c t

The Middle and Upper Palaeolithic sites situated within the system of Moravian and South Silesian
valleys are key localities for understanding the patterns of seasonal mobility that enabled humans to
exploit the North European Plain, and a possibility to distinguish the importance of the weather and
climate for their subsistence practises. Loess accumulations that have covered the best preserved open
air Palaeolithic sites in Central Europe display the climatic record covering at least 30,000 years. The
sedimentological, microstratigraphical and geochemical record of three studied Upper Palaeolithic loess
sites show significant changes, documenting increased precipitation towards the north. A progressive
coarsening of the loess deposits during the Upper Pleniglacial, contrasting with the progressive fining
toward the North European glaciation was detected. This methodological approach explains more pre-
cisely the context of formation processes connected also with human activity within the corridor be-
tween the North European Plain and the Danube Basin, through which a wide range of organisms,
including humans and their prey species, were channelled.

� 2013 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Upper Palaeolithic sites located along a transect between the
Danube region, Moravian valleys, and the North European Plain
offer unique insights into an early episode of modern human
adaptations to the landscape (Otte, 1981; Svoboda et al., 2002;
Oliva, 2005, 2007; Lisá et al., 2013). The system of Moravian
valleys, oriented mainly NeS or NEeSW (Czudek, 1997), provides
a valuable archaeological trap for two reasons. First, it constitutes
wide river valleys between transcontinental mountain ranges
through which a wide range of organisms, including humans and
their prey species, were channelled: this has always been the
principal access route to the North European Plain from the
Danube Basin (Skutil, 1955; Valoch, 1979; Svoboda et al., 2002;
Trinkaus and Svoboda, 2006). Second, it is also a trap for wind-
blown sediments flowing preferentially from the W or NW, SW to
nd INQUA. All rights reserved.
the E or NE, SE (Lisá, 2004; Lisá and Uher, 2006; Lisá et al., 2009)
that have accumulated to considerable depths around many a
hilly protuberance in that landscape. It is these deep accumula-
tions of loess that have covered the best preserved open air
Palaeolithic sites in Europe (Svoboda et al., 2002). The litholog-
ical record of those localities was described mainly in the case of
the famous Dolní V�estonice old brickyard section (Klíma et al.,
1962; Bábek et al., 2011; Antoine et al., 2013), but the
geochemical and micromorphological record of other localities
situated more northerly in Moravia was less studied. Instru-
mental sedimentological analyses can bring valuable information
about environmental conditions which Palaeolithic hunters had
to accept in hunting large mammals. The main question
addressed in this paper is, therefore: is it possible to distinguish
any significant lithological or geochemical differences between
three of the most important Upper Palaeolithic regions within
Moravia and use the interpretations of those differences to
discuss climatic changes of Middle and Upper Pleniglacial and
the reasons which enabled humans to exploit the North Euro-
pean Plain, and subsequently even colder regions?
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2. Geographical and sedimentological background

Three key localities for Moravian Upper Palaeolithic history are
used in this study. The localities are typical for long term temporary
Gravettian occupation (Nývltová Fi�sáková, 2013) and are situated
along a transect between South Moravia (Dolní V�estonice), Central
Moravia within Moravian Gate (P�redmostí), and NortheEast
Moravia (Ho�s�tálkovice locality near Pet�rkovice). The imaginary
section connecting those three localities provides information
about the different sedimentological records preserved, and the
differences of environmental conditions which Palaeolithic hunters
had to accept in hunting large mammals.

The Last Glacial loess formation within the area of Central
Europe was strongly influenced by its geographical position be-
tween two glaciers. In that time Moravia and Silesia were situated
in the narrowest part of the non-glaciated area and became very
important for loess formation as well as for the fauna (Lo�zek, 1968;
Horá�cek and Lo�zek, 1988), flora (Frenzel, 1968) and human migra-
tions (Svoboda et al., 2002).
2.1. Dolní V�estonice II (DV II)

This section was excavated in the context of the archaeological
research of the Gravettian site during the 2005 season. The studied
section is located in anthropogenic terraces on the slope above the
famous Dolní V�estonice e old brickyard section. The 4.2 m thick
profile DV II covers the Gravettian cultural layer and the Upper
Pleniglacial sedimentary record correlated with the upper part of
the old brickyard section. The section in the old brickyard repre-
sents the most prominent loess section accessible today in Central
Europe and, therefore, enormous numbers of different research
efforts weremade there (Klima et al., 1962; Demek and Kukla,1969;
Haesaerts and Mestdagh, 2000; Fuchs et al., 2012; Antoine et al.,
2013). Approximately 18 m of loess, loess like deposits, and pale-
osols cover a relatively complete Last climatic cycle and display
warming, cooling, and wetting trends. The loess was in this case
derived mainly from frost shattered and weathered magmatic and
metamorphic rocks situated to the west, deposited as eluvial de-
posits or as river alluvium (Lisá, 2004; Lisá and Uher, 2006; Lisá
et al., 2009), and calcareous Miocene deposits (Adamová,
Havlí�cek, 1998). The provenance during the last glacial period did
not change (Lisá et al., 2009) and the grain size differences depend
mostly on the wind speed or post-depositional weathering.
2.2. P�redmostí

Close to the town of P�rerov, and to the southern entrance to the
Moravian Gate, a series of loess deposits has been extensively
excavated. A rescue excavation in the last century produced a
considerable body of data relating to various Palaeolithic episodes,
mainly of Gravettian Age (Svoboda et al., 1994). P�redmostí is located
at the southern entrance of the Moravian Gate, one of the most
important passing points of prehistoric routes in Central Europe
(Svoboda et al., 1994). Originally two limestone formations, at
Skalka in the south and Hradisko in the north, emerged from the
Neogene and Quaternary deposits. Both of them have nearly dis-
appeared due to limestone exploitation. Several mineral spring
sources are known close to the site, which formed travertine de-
posits (Kovanda, 1971). One, with a constant temperature of 12 �C
was located directly at the foot of the former Skalka hill (Svoboda
et al., 1994). The cultural content of this locality has been classi-
fied as Gravettian or Pavlovian with a hypothetical Aurignacian
horizon below. The Gravettian was dated approximately to 26e
27 ka (Svoboda et al., 1994).
2.3. Ho�s�tálkovice

Ho�s�tálkovice is situated in Northern Moravia in the Ostrava
region. This locality is 1.5 km from Pet�rkovice, famous for the
Venus finding (Svoboda, 2004). Unfortunately, Pet�rkovice could
not be included in this research because of technical problems.
Ho�stálkovice, nevertheless, offers the similar stratigraphy
(Folprecht, 1934; Neruda and Nerudová, 2000) and its location was
suitable for our research. The site was excavated in 1992 by P.
Neruda (Neruda and Nerudová, 2000). This site lies beyond the
Moravian Gate at the opening of the North European Plain. It has
also a significant history of archaeological investigation, allowing
us to target location of an approximately 1.6 deep test pit to
capture the layer with Gravettian artefacts.

3. Methodology

3.1. Micromorphology

Microstratigraphical study, micromorphology in archaeological
context, was applied in all three localities. In total, 53 samples for
thin sections were taken. A micromorphological approach covers
descriptive microstratigraphical analyses (Bullock et al., 1985)
includingmicrofabric types, structural andporosity features, natural
inclusions, anthropogenic inclusions, and pedofeatures (Macphail
and Cruise, 2001). Such application of soil micromorphology to
archaeology was introducedmainly by Goldberg (1983) and latelyis
well established in the literature (French, 2003; Goldberg and
Macphail, 2006). Samples were taken in Kubiena boxes (9 � 5 cm),
slowly dried, impregnated by a polymer resin, processed into thin
sections and then studied according to Bullock et al. (1985) and
Stoops (2003). A record was made of the microfabric types, struc-
tural and porosity features, natural inclusions, anthropogenic in-
clusions and pedofeatures (Macphail and Cruise, 2001).

3.2. Geochemistry e quantitative analysis of expandable clay
minerals (CEC)

The cation exchange capacity (CEC) was determined using a
procedure proposed byMeier and Kahr (1999) for pure claymineral
specimens and then optimised for sediments and soils (Grygar
et al., 2009). [Cu(trien)]2þ solution was obtained from
CuSO4$5H2O (Penta, Czech Republic) and trien, triethylenetetr-
amine (1,4,7,10-tetraazadekane, SigmaeAldrich), to the final con-
centration 0.01 M with a potentiometric control of the constant
ligand-to-metal ratio (Grygar et al., 2009). A fine dry powder (100e
500 mg) was placed in a 50 mL beaker, wetted and then suspended
by stirring in 5 mL of distilled water; then 5 mL 0.01 M Cu-trien
solution was added, and the suspension stirred for a further
5 min using a magnetic stirrer. The suspension was then filtered
into a 50 mL flask and the solid washed with several aliquots of
distilled water, and the final volume of the filtrate made to 50 mL.
The solutions were analyzed by AAS (Cu and Mg) and AES (Ca and
Na). The sample weight for analysis was adjusted depending on its
actual CEC to consume about 50% of [Cu(trien)]2þ using the routine
described by Grygar et al. (2009).

3.3. Bulk magnetic susceptibility (MS)

Unoriented samples were collected at 5 cm intervals from
cleaned profiles. Low frequency magnetic susceptibility (clf) was
measured at 0.976 kHz and high frequency magnetic susceptibility
(chf), at 3.904 kHz, using a MFK1 kappabridge (AGICO, Brno). The
difference between the two measurements gives the frequency
dependent susceptibility, expressed here as a percentage of cfd
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(cfd% ¼ (clf � chf)/clf � 100). This parameter is widely used to
determine the concentration of magnetic particles close to super-
paramagnetic (SP)/stable single domain (SSD) boundary (Liu et al.,
2005). This grain size fraction is proposed to have formed during
pedogenesis (Evans and Heller, 2003; Dearing et al., 1996).

3.4. Particle size distribution function (PSDF)

Samples for particle size distribution were collected at 5 cm
intervals from cleaned profiles from all three studied section
(Figs. 2 and 3). Particle-size analysis (PSA) is a measurement of the
size distribution of individual particles in a soil sample (Gee and
Bauder, 1986). Particle size distribution was established using a
Malvern Mastersizer 2000. Samples of air dried and roughly
crushed sediments were gently disaggregated and dispersed in de-
ionized water. Organic matter was removed by addition of
hydrogen peroxide accompanied by gentle warming at 40 �C until
effervescence stopped. The supernatant was removed after
centrifugation and the sample rinsed with two changes of deion-
ised water. The samples were then re-homogenised in a minimum
of water using a whirly mixer and then sub-sampled for particle
size analysis. Two sub-samples were taken from each sample and
analysed sequentially, and the graphs presented are the mean of
the two measurements.

3.5. OSL dating

DV II section was sampled in two positions. DV2/1 comes from
the depth of 435 cm and corresponds to the base of cultural layer
mixed with soil material. DV2/2 comes from the depth of 265 cm
and corresponds to the position directly above gley II. layer (Fig. 2).
Three locations were sampled at Ho�s�tálkovice. HB 13 came from
160 cm depth at the very base of the section on the contact between
Fig. 1. Location of
redeposited terrace sediments and redeposited loess-like sedi-
ments. THV2 came from a depth of 65 cm where some of the ar-
tefacts occurred. THV1 came from 35 cm depth, on the contact
between E soil horizon and the loess-like sediment below (Fig. 2).
P�redmostí was not sampled due to the technical problems during
the fieldwork organisation.

Samples were dated by OSL in the Laboratory of Mineralogy and
Petrology (Luminescence Research Group), Department of Geology
and Soil Science, Ghent University in Belgium. by applying the SAR-
OSL protocol to sand-sized (63e90 mm) quartz. This fraction was
extracted from the inner material of the sampling tubes using
conventional sample preparation procedures (HCl, H2O2, sieving,
heavy liquids, and HF). OSL measurements were performed using
an automated Risø TL/OSL-DA-12 reader. The equivalent dose (De)
was determined using the single-aliquot regenerative-dose (SAR)
protocol as described by Murray and Wintle (2000, 2003). Low-
level high-resolution gamma-ray spectrometry was used for the
determination of the natural dose rate. The annual dose was
calculated from the present-day radionuclide activities using the
conversion factors of Adamiec and Aitken (1998). An internal dose
rate of 0.013 � 0.003 Gy ka�1 was assumed (Vandenberghe et al.,
2008). Both the beta and gamma contributions were corrected for
the effect of moisture by generally accepted procedures.
4. Results

4.1. Stratigraphy

4.1.1. Southern Dolní V�estonice section
The lithostratigraphy was examined in a 4.2 m high freshly

cleaned vertical section (Fig. 2) containing several horizons with
different contexts, coded as DV II. Generally, the profile is mainly
composed of fine grained loess and loess-like sediments which
studied sites.



Fig. 2. The sedimentological description of loess sections Dolní V�estonice, P�redmostí and Ho�s�tálkovice together with the main geochemical, magnetic and grain size proxies.
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were post-depositionally influenced by changing climatic condi-
tions. There is a dark brown horizon of re-deposited laminated soil,
probably of Cambisol type (40 cm) found in the very bottom, fol-
lowed by the complex of thin loess layers (approximately 15 cm
each), and one darker layer (10 cm), described as Gravettian
occupational layer (10 cm) with the macroscopic presence of
charcoal and fine freezing and thawing laminae (less than 1 cm) in
the loess layers below and above. The loess deposition grades into
two lighter horizons (17 and 10 cm) divided by a loess horizon
(10 cm). Those horizons were interpreted as gley horizons. The part
of the section above is composed by loessic material with a group of
slightly browner horizons (1e5 cm). The section is ended by a dark
brown aggraded Chernozem-type Holocene soil horizon.

4.1.2. Intermediate P�redmostí u P�rerova section
In contrast to the cultural layer excavated in the DV II sections, in

which burnt charcoal is a conspicuous hearth component, burnt
mammoth bones predominate here, suggestive of a difference in
resource availability between the sites (Beresford-Jones et al.,
2010). However, another, microcharcoal containing layer was
micromorphologically confirmed the cultural layer. The lithological
section of P�redmostí (Fig. 2) contained a dark brown horizon of re-
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deposited arctic soil in the very bottom followed by a thick cultural
layer containing mammoth bones and burned bones together with
charcoal and loess-like sediment intercalations (Fig. 2). There is
evidently slight re-deposition by gelifluction. This layer is overlain
by loess deposits with a number of features typical of frost action,
including frost wedges and other micromorphologically detected
features. Three thin gley horizons were present. The upper part of
the section continues with monotonous loess deposition contain-
ing thin darker layers containing decomposed organic matter. The
section is capped by a Holocene Cambisol.

4.1.3. Northern Ho�s�tálkovice near Pet�rkovice loess like sedimentary
section

Approximately 1.5 m thick sedimentary cover (Fig. 2) lies on the
ridge between Pet�rkovice and Ho�s�tálkovice. The geological back-
ground of Ho�s�tálkovice section is composed of re-deposited terrace
Fig. 4. Typical micromorphogical features from Dolní V�estonice site: A e loess s.s.; B e initi
brown soil on the base of section with, visible FeOH nodules due to the gleying; D e Gley
documenting phases of freezing and thawing, location above the cultural layer; F e charcoal
brown soil material.
deposits. Colluviated loess-like deposits include approximately
30 cm of the section. Gravettian artefacts are distributed mainly on
the contact of terrace deposits and loess-like sediments (Fig. 2)
(Neruda and Nerudová, 2000), but occasionally were detected
within loess-like sediments above. Loess-like deposits contain
small frost edges filled by clays as a record of boreal illuviation. The
section is capped by a Holocene Luvisol, lately degraded into
Pseudogley.

4.2. Microstratigraphy and micromorphology

4.2.1. Dolní V�estonice
The base of the section is composed of re-deposited interstadial

soil of the boreal to arctic brown soil type with ferric oxide nodules
(Fig. 4C), interpreted as the consequence of relatively humid con-
ditions causing erosion and reduction processes. This soil can be
al soil horizon with visible brunification, location above Gley II.; C e redeposited arctic
II with leaching, but without FeOH features typical of gleying; E � horizontal pores
distributed widely within the cultural layer. This layer also contains redeposited arctic
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interpreted as an early stage cambisol. Gelifluction features are
connected mainly with the cultural layer (Fig. 4F), which show a
continuing relatively cold and humid environment. Freezing e

thawing features (Fig. 4E) above the cultural layer indicate frost
heaving, related to the development of ice lenses as the conse-
quence of cold and relatively humid conditions. Those features are
not very common, in contrast to P�redmostí and Ho�s�tálkovice. Two
horizons of the frost gley surprisingly do not contain ferric oxide
(Fig. 4D) nodules. The absence of freezing e thawing features to-
ward the Holocene layer is probably the result of a cold and dry
LGM environment. The slightly darker horizons differ from pure
loess (Fig. 4A) by initial brunification (Fig. 4B). The presence of
darker horizons (Fig. 4) within this part of the section is therefore
the result of transitory periods of increased humidity and initial
stages of pedogenic weathering.
Fig. 5. Typical micromorphological features from P�redmostí and Ho�s�tálkovice sections: A e

FeOH; B e cultural layer with burned and unburned bones from P�redmostí; C e horizontal p
P�redmostí and appearance of such features within all rest of section; D e Gley horizonwith F
thawing (Ho�s�tálkovice). Those pores were secondary during Holocene pedogenesis, iluviate
4.2.2. P�redmostí
Re-deposited interstadial soil of the boreal to arctic brown soil

type at the base (Fig. 5A) has ferric oxide nodules formed under
relatively humid conditions causing erosion and reduction pro-
cesses. A thick cultural layer with bioturbation (Fig. 5B) indicates
stable humid conditions. The cultural layer contains frequently
fragments of burned bones (Fig. 5B), but little or no charcoal. A layer
which contains microcharcoal was micromorphologically identi-
fied above the first cultural layer. The presence of freezing and
thawing structures (Fig. 5C) above the cultural layer is the result of
persistent cold and relatively humid conditions. The presence of
frost wedges (without flat bottoms) and gleying above (Fig. 5D) is
the result of cold, humid conditions and probably also an initial
stage of permafrost. Continuing freezing and thawing features to-
ward the Holocene horizon with thin horizons containing
redeposited arctic brown soil at the base of P�redmostí section containing nodules of
ores documenting phases of freezing and thawing, location above the cultural layer in
eOH nodules from P�redmostí; E � horizontal pores documenting phases of freezing and
d by clays; F e Luvic horizon from locality Ho�s�tálkovice.
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decomposed organic matter and initial stages of brunification is the
consequence of a cold and relatively wet LGM environment with
short stages of increased humidity.

4.2.3. Ho�s�tálkovice
Terrace sediments on the base of the section are partly distrib-

uted within the loess-like deposits, overlain by unsorted sediment.
This record is the result of gelifluction. The presence of ferric hy-
droxide nodules and gleying is the consequence of a wet environ-
ment responsible for erosion and reduction processes, probably
under permafrost conditions. The Gravettian artefacts are more or
less incorporated into the re-deposited terrace and loess-like sed-
iments above, probably the result of post-sedimentary cry-
oturbation. Freezing and thawing features (Fig. 5E) up to the
Holocene soil and within the cultural layer can be attributed to
persistent cold and relatively humid LGM conditions. Those fea-
tures are infilled by clay illuviation as a consequence of Holocene
pedogenic processes. Desiccation cracks 50 cm below the surface
(Fig. 2) are the result of extremely cold and dry conditions. Boreal
clay illuviation is the result of the Bölling climate. The sediment was
lately influenced by Holocene illimerisation (Fig. 5F).

4.3. Frequency dependent magnetic susceptibility

The values of cfd are basically a concentration-dependent
parameter. It depends on the grain-size and amount of magnetic
materials present in the sediment, indicating the proportion of fine
viscous grains close to the SP/SD boundary (w0.02 mm) in the total
(Thompson and Oldfield, 1986). This grain size fraction formed
during pedogenesis (Evans and Heller, 2003). cfd vary considerably
within the studied localities (Fig. 2), but the trends in Dolní
V�estonice and P�redmostí are more or less similar. The highest
values were detected within the horizon with re-deposited inter-
stadial arctic brown soil (Cambisol) and within Holocene soil cover,
whereas the loess typically has lower values (Fig. 2). P�redmostí
shows a relatively increasing trend of values, in comparison with
the consistency at Dolní V�estonice. In the case of Dolní V�estonice,
higher values were obtained also within horizons with initial soil
horizons. In the case of Ho�s�tálkovice, the highest values were
detected within the Holocene Luvisol. The record of the
Ho�s�tálkovice section shows high variability with slightly increasing
trend toward the Holocene soil (Fig. 2).

4.4. Geochemistry

The geochemical record of the profiles shows numerous simi-
larities and is influenced by lithology (Fig. 2). Cation Exchange
Capacity (CEC) of Dolní V�estonice shows a relatively stable trend
with microfluctuation, except for enhancement within the lower
part of the section, where re-deposited interstadial soil and cultural
layer were identified. Increased values were found in the loess with
initial pedogenesis, and a slightly increased trend is visible in the
upper part of the profile (Fig. 2).

The profile in P�redmostí shows a similar trend of CEC to Dolní
V�estonice. The elevated values are visible mainly within the lower
part of the section where the relicts of interstadial soil were
detected. In the middle part of the profile with gley and loess ho-
rizons, a stable trend is apparent with slighter higher values in gley
horizons. In the upper loess above the gley III increasing trend of
values up to the Holocene soil is apparent.

In Ho�s�tálkovice, the highest CEC values were detected within
the base of the section where the weathered sandy loam with
carbonate pebbles was detected. A sharp decrease of those values
follows the appearance of pure loess-like deposits with the arte-
facts. The percentage content of Na shows a slightly declining trend
in the lower part of the profile in Dolní V�estonice, whereas in
P�redmostí a slightly increasing trend in the whole profile is visible.
Mg and Ca contents of the DV profile show the same increasing
trend up to the layer of loess with initial pedogenesis. Above this
layer, Ca increases whereas Mg begins to decrease to the top of the
profile. Ca and Mg content of the P�redmostí show slightly
increasing trends with relative stagnation in the upper part, above
the gley III. In general, contents of Ca and Mg show the highest
variations within the gley horizons and initial soil formations above
those horizons in both sections. MgO/CaO ratio shows a gradual
decrease in both profiles, but in the case of P�redmostí this trend is
less apparent. For the Ho�s�tálkovice profile, the great difference in
elements concentration between the lower and upper part is
typical. Ca and Na contents are lowest in the horizon with weath-
ered sandy loam and high in loess-like sediment, whereas the Mg
content shows the opposite trend.

Another sharp decrease of measured components is visible
within E and A horizons of the Holocene Luvisol. The contents of
organic matter within the sections have more or less the same
trend: the most obvious is the enhancement of organic matter
within the interstadial brown soil of Dolní V�estonice and P�redmostí
as well as within the Holocene soil formation in all three localities.
For Ho�s�tálkovic, a stable trend is typical, with a slight increase
below the Holocene soil.
4.5. Grain size

Grain size measurements show the same significant trend in all
three studied localities. Toward the Holocene layer significant
coarsening of sand fraction is obvious (Figs. 2 and 3), while toward
the north there is a fining trend. Dolní V�estonice section has
probably the best preserved long-time depositional record, and
consequently the deposits have much more fine composition than
in other studied localities (Figs. 2 and 3). It is also possible to see a
connection between the appearance of darker, more humid layers
and the contemporary increase of clay fraction (depth about 1.2,
1.8e2.2 and between 3 and 4 m). In the case of P�redmostí and
Ho�s�tálkovice this connection was not found. P�redmostí and
Ho�s�tálkovice sections display much coarser deposits and the trend
of coarsening is visible not only toward the Holocene but also to-
ward the north, toward the edge of the North European glaciation.
P�redmostí section has a visible enhancement of sand fraction
within 1.0e1.5 mwhere the cultural layer was detected. In the case
of Ho�s�tálkovice, there is a visible enhancement of clay at the
expense of silt in the upper part of the section due to the Holocene
pedogenic processes (Figs. 2 and 3).
4.6. Dating

A sufficient amount of pure quartz grains could be extracted
from all samples. The quartz extracts showed satisfactory lumi-
nescence characteristics in terms of brightness (clearly distin-
guishable from background), OSL decay (dominated by the fast
component), recycling ratio (consistent with unity), recuperation
(generally less than 1% of the sensitivity corrected natural OSL
signal) and dose recovery (a known dose given to a bleached
sample prior to any heating can be accurately measured). These
characteristics suggest that the samples are well-suited for optical
dating. Sample GLL-091927 behaved differently from the other
samples, however, in that a poor dose recovery was achieved using
a preheat for 10 s at 240 �C; a lower preheat (200 �C) was required
to achieve a good dose recovery. The ages are consistent with the
stratigraphic position of the samples. Based on the observed spread
inDe (large aliquots), the date for sample GLL-081901 is not thought
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to be an accurate sedimentation age. This sample may be affected
by postdepositional mixing and/or incomplete resetting.

4.6.1. Luminescence characteristics and De-determination
Fig. 1 shows a representative luminescence decay and growth

curve for sample GLL-081902. The luminescence signal decays
rapidly with stimulation time (Fig. 1, inset); this is characteristic for
quartz dominated by the fast component. The doseeresponse curve
can be approximated satisfactorily by the sum of a single saturating
exponential and a linear component. Fig. 1 also illustrates the
generally good behaviour of the samples in the SAR protocol; the
recycling ratios are close to unity (indicating that sensitivity
changes occurring throughout the measurement procedure are
accurately corrected for) and the growth curves pass close to the
origin (demonstrating that recuperation is negligible).

Fig. 2 summarises the dose recovery data. Within analytical
uncertainty, the measured dose does not differ from the given dose
bymore than 5% (Fig. 2A); the average recovered to given dose ratio
for the five samples is 1.01 � 0.02. Fig. 2B shows the corresponding
values for the recycling ratio and recuperation; the average values
are 0.98 � 0.01 and 0.05 � 0.01%, respectively. For each sample, at
least 18 replicate measurements of De were made. Values were
accepted if recuperation did not exceed 5% of the corrected natural
OSL signal and if the recycling or depletion ratio did not deviate by
more than 10% from unity. The average De’s (�1 standard error) are
summarised in Table 1.
Table 1
Radionuclide concentrations used for dose rate evaluation, estimates of past water content (F*W), calculated dose rates, equivalent doses (De), optical ages, and random (sr),
systematic (ssys) and total (stot) uncertainties. The uncertainties mentioned with the De and dosimetry data are random; all uncertainties represent 1s.

Sample
(field code)

Sample
(GLL code)

Depth
(cm)

234Th
(Bq kg�1)

226Ra
(Bq kg�1)

210Pb
(Bq kg�1)

232Th
(Bq kg�1)

40K
(Bq kg�1)

F*W
(%)

Total dose rate
(Gy ka�1)

De (Gy) Age
(ka)

sr
(%)

ssys
(%)

stot

(%) (ka)

THV1 081901 35 42 � 3 45 � 1 39 � 1 49.5 � 0.3 573 � 4 24 � 6 2.95 � 0.02 15 � 2 (17) 5.3 9.9 9.8 14.0 0.7
THV2 081902 65 36 � 2 48 � 1 42 � 2 52.7 � 0.5 600 � 5 25 � 6 3.03 � 0.03 77 � 2 (18) 26 2.3 10.2 10.5 3
HB13 091927 160 36 � 3 43 � 1 40 � 2 47.7 � 0.4 521 � 5 21 � 5 2.81 � 0.03 141 � 4 (24) 50 3.3 9.1 9.7 5
DV2/2 091902 265 36 � 2 43 � 1 39 � 1 52 � 1 559 � 5 23 � 6 2.86 � 0.02 92 � 6 (17) 32 6.1 9.8 11.5 4
DV2/1 091901 435 45 � 3 49 � 1 41 � 2 57 � 1 482 � 5 23 � 6 2.78 � 0.02 115 � 5 (18) 41 4.2 9.9 10.7 4

Radionuclide concentrations used for dose rate evaluation, estimates of past water content (F*W), calculated dose rates, equivalent doses (De), optical ages, and random (sr),
systematic (ssys) and total (stot) uncertainties. The uncertainties mentioned with the De and dosimetry data are random; all uncertainties represent 1s.
4.6.2. Dose rate determination
The radionuclide activity concentrations and calculated total

dose rates are given in Table 1.

4.6.3. Optical ages
Table 1 summarises all analytical results, and shows the calcu-

lated optical ages. The present-day dose rate was assumed to have
prevailed throughout the entire period of burial. Uncertainties on
the luminescence ages were calculated following the error assess-
ment system proposed by Aitken and Alldred (1972) and Aitken
(1976). All sources of systematic uncertainty were as quantified
by Vandenberghe et al. (2004; see also Vandenberghe, 2004).

For most samples, the systematic uncertainty is dominant in the
overall uncertainty on the ages and varies between w9 and 10% (1
sigma). For sample GLL-081901, both the random and systematic
uncertainty are w10%.

5. Discussion

5.1. Sedimentary and micromorphological record of Middle
Pleniglacial (MIS3) and Upper Pleniglacial (MIS 2) in Moravia

The environmental record of the Middle and Upper Pleniglacial
in Moravia was studied in detail mainly in context of loess deposits
(Lo�zek, 1953, 1964; Kukla, 1975; Frechen et al., 1999; Antoine et al.,
2013). The Middle Pleniglacial in Europe is marked by the appear-
ance of brown soil complexes as Stillfried-B from Lower Austria
(Haesaerts et al., 2003), Vytachiv soil complex of Ukraine
(Gerasimenko, 2006), the Gräselberger and Lohne Boden in Ger-
many (Frechen, 1999; Antoine et al., 2009) the Saint-Acheul-
Villiers-Adam soil complex in Northern France (Antoine et al.,
2003), and Les Vaux soil in Belgium (Haesaerts, 1985). The soil
development in this case corresponds to warmer and more humid
conditions and it is widely associated with the Hengelo and
Denekamp insterstadials. Those periods were interrupted mainly
by the phases of erosion, and thus the sedimentary record is usually
very fragmented. In Moravia the three interstadials of the Middle
Pleniglacial are supposed to be preserved as the PKI pedo-complex
described by Klima (1969) and dated at w30e35 ka, and by the
Bohunice soil (Valoch, 1976) dated at w45e50 ka (Richter et al.,
2009). Antoine et al. (2013) mentioned erosion processes result-
ing from warming phases of one of those interstadials that
enhanced the seasonal degradation of the permafrost active layer
leading to solifluxion-related deformation and alteration of the gley
horizon preserved above the re-deposited interstadial soil.

Two sections included in our research, Dolní V�estonice and
P�redmostí, contain re-deposited arctic brown soil (Cambisol),
which corresponds to one or more of those interstadials. In both
cases, the soil sediment was re-deposited and contains ferric oxide
nodules indicating the presence of water and buried organic matter
(Fig. 4). Berendorf-Jones et al. (2011) described this horizon as an
Interstadial A Cambisol horizonwith theweak B-horizon above and
covered by redeposited reworked palaeosol loam. However,
micromorphological study did not confirm preservation of the in
situ A horizon. A similar situation appeared in case of P�redmostí
locality. The weak interstadial soil horizon was eroded and rede-
posited. The interstadial soil was not preserved at Ho�s�tálkovice.
This finding corresponds to the results of the excavations of Neruda
and Nerudová (2000). This type of paleosol is not known from this
area, probably because of strong erosion and fragmentation of the
sediment record and also because the environment of Northern
Moravia and Lower Silesia was probably generally much colder
than Central and Southern Moravia. Due to the fragmentation of
sedimentary record of the Ho�s�tálkovice section, it is quite difficult
to use it for geochemical comparison with the sedimentary record
preserved in central and southern Moravia. The first OSL data from
Ostrava region concerning this context estimated the base of the
section at 50 ka, which indicates that the arctic soil did not develop
here or was removed by erosion.

Typical cultural layers containing charcoal or burned bones
were described only in Dolní V�estonice and P�redmostí, while in
Ho�s�tálkovice only the accumulations of artefacts were detected. 14C
data recently published by Berensdorf-Jones et al. (2011) from the
DV II show awide range between 25.570 and 28.850 ka uncal. After
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calibration, this fits the date from the cultural layer by OSL dating,
32 ka. The artefact accumulation from Ho�s�tálkovice was dated as
26 ka, which make the finding a little bit older than the findings
from nearby Pet�rkovice (Svoboda, 2008).

The tundra gley horizons preserved above the soil sediments of
the Middle Pleniglacial were described in Dolní V�estonice (Klima
et al., 1962; Antoine et al., 2013) and interpreted as cold humid
episodes of the Middle and Upper Pleinglacial. In the old V�estonice
brickyard, Antoine et al. (2013) have recently described one gley
horizon connected with the Middle Pleniglacial which underwent
strong solifluction process due to one of the humid interstadial
phases of the Middle Pleniglacial (frost creep). The solifluction
resulted in thin, discontinuous undulated iron oxide bands
throughout the unit, and two gley horizons connected with the
Upper Pleniglacial. The section situated above the old brickyard
displays only two gley horizons which are in situ and have no ferric
oxide nodules or accumulations. The third gley horizon was prob-
ably redeposited together with the paleosol, which would explain
redoximorphic features founded within this redeposited horizon.
Such an interpretationwould also fit to the findings of Antoine et al.
(2013) from the old brickyard. It is quite possible that those ferric
oxide accumulations described by Antoine et al. (2013) were
formed mainly due to the specific geomorphologic position in the
landscape. Berensdorf-Jones et al. (2011) described from this sec-
tion only lenses of gley above the cultural layer and gleyic features
from the cultural layer, but not from redeposited soil below. Our
OSL date sampled in the uppermost part of the upper gley horizon
was estimated as 32 ka. That position in the old brickyard was in
contrast to the date by Fuchs et al. (2012) at 21.7 ka.

One ormore gley horizons togetherwith frost features including
frost wedges were also mentioned by �Zebera et al. (1955) and lately
by Svoboda et al. (1994) in P�redmostí with no further details of
interpretation. Demek and Svoboda (2008) described strong
leaching and the presence of frost wedges in Pet�rkovice. In the
same publication, Svoboda (2008) partly rejected Demek and
Svoboda’s interpretation, and interpreted those wedges as the
result of Holocene pedogenesis. According to our OSL data, the
infilling of the frost wedges is estimated at 5.3 ka, but the infilling
could be much younger than the development of the wedges.

According to Antoine et al. (2013) the transition from Middle
Pleniglacial gley horizons to the Upper Pleniglacial loess in Dolní
V�estonice is abrupt and marked by a drastic increase in sedimen-
tation rate due to a return of cold and arid conditions. In the studied
sections, this phase of the sedimentary record is quite homogenous
and the cold and arid conditions are recorded by the increased
number of frost features, which are much more evident in
P�redmostí and Ho�s�tálkovice. In the case of V�estonice and
P�redmostí, the sedimentary record of wind deposition is inter-
rupted by thin layers of organic-matter rich layers corresponding to
short phases of increased humidity. Toward the north there is an
evident decrease of the mass of sediment, which could correspond
to the increased wind intensity due to the geomorphology and
position much closer to the North European glaciation that did not
allow aeolian material deposition.
5.2. The interpretation of geochemical, magnetic and grain size
proxies of studied sections in context of Middle and Upper
Pleniglacial

The profiles fromDolní V�estonice and P�redmostí are muchmore
suitable for detailed correlation and paleoenvironmental inter-
pretation from proxy analyses than is Ho�s�tálkovice. The reason is a
fragmentation of the sedimentary record and weaker pedogenesis
in the case of Ho�stálkovice, where the paleoenvironmental record
was mainly inferred from micromorphological and sedimentolog-
ical approaches.

Grain size records of Dolní V�estonice and P�redmostí show
similar features. Above the interstadial soils, the silt fraction
continuously decreases, whereas the sand fraction of the sediment
shows an increasing trend. Based on the interval of a higher sand
input it is possible to correlate these profiles (Fig. 3). Several cycles
can be seen, each being characterised by an abrupt increase of the
sand component, followed by a short-term decrease. In these sites
strong colluvial or water transport has not been noted. Therefore,
these variations can be entirely attributed to the input of aeolian
sand associated with climatic deterioration, increase of wind in-
tensity and higher accumulation rate during MIS 2. Grain-size an-
alyses from both sites are generally in accordance with previous
measurements from the Upper Weichselian part of the old brick-
yard profile in Dolní V�estonice (Shi et al., 2003; Antoine et al., 2013).
Inputs of coarse aeolian material during the Upper Pleniglacial
were also reported and correlated within several sites from sub-
Atlantic region to the western Ukraine (Antoine et al., 2009;
Bokhorst et al., 2010; Rousseau et al., 2011) as well as in China Loess
Plateau (Nugteren et al., 2004). These events were correlated with a
dust median in NGRIP record and associated to Heinrich events
H3eH1 (Antoine et al., 2009). While a gradual coarsening trend is a
significant feature in Dolní V�estonice, in the upper part of
P�redmostí this trend is not so apparent. That can be a signal of
lower wind intensity in the final phase of the Upper Pleniglacial in
the Central Moravia in comparisonwith South Moravia. A distinctly
higher percentage of sand in the sediment of Dolní V�estonice as
compared with P�redmostí indicates lower energy of wind transport
during Upper Pleniglacial in Central Moravia. Evident fining of the
grain composition toward to the north is also visible (Fig. 3),
together with the progressive reduction of the thickness of the
deposited material. The fining trend probably reflects the changing
provenance (Lisá, 2004; Lisá and Uher, 2006; Lisá et al., 2009)
especially the possible appearance of glacial deposits (Lisá, 2004)
toward the north. The geomorphology and the lack of westerly
situated wide valleys with thick alluvial plain also play a role.

Higher values of frequency dependent magnetic susceptibility
suggest the presence of ultra-fine grained (pedogenetic) magnetite
or maghemite (Worn, 1998; Liu et al., 2005). In Dolní V�estonice and
P�redmostí, slightly higher values were found in the horizons with
initial pedogenesis (and gley horizons) and significant high values
in redeposited brown soil horizons. The magnetic enhancement is
probably caused by increased activity of soil bacteria during the
Middle Pleniglacial and climatically favourable periods (micro-
interstadials) of the Upper Pleniglacial. Good correlation of the
frequency-dependent magnetic susceptibility with the organic
content was found in both sections. That denotes a connection
between vegetation development (humid climate?) and the in-
tensity of pedogenesis. In contrast, weak magnetic signal of pure
loess accumulation indicates colder (and drier) condition and
minimal pedogenetic processes. With regard to relatively narrow
provenance source of the Moravian loess during Upper Pleistocene
(Lisá, 2004), changes in the chemical composition in the profiles
could relate to postdepositional processes.

Continuously decreasing MgeCa ratio (expressed here as MgO/
CaO) in the pedo-sedimentary record could be caused by gradual
decline of precipitation in the study area during MIS 2. Mg and Ca
are present in primary carbonates, abundant in the loess deposits.
Free Mg content can be enhanced by weathering of pyroxene,
amphibole, and biotite, and Ca mainly from Ca-feldspar. Mg is
retained much more strongly on clay than Ca, due to the large
difference in atomic diameter (Perel’mman,1977). A higher amount
of percolating rainwater therefore leads to stronger leaching of Ca
relative to Mg and increasing of Mg/Ca ratio (MgO/CaO) (Bokhorst
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et al., 2009). Both elements are also taken up by plants, although Ca
is much more important with a biogenic coefficient of 0.17, versus
0.02 for Mg (Perel’man, 1977). The ratio could be, therefore, also
influenced by the density of the vegetation cover. In comparison
with the decreasing trend in Dolní V�estonice, P�redmostí shows a
slightly increasing MgO/CaO trend, suggesting wetter conditions in
Central Moravia during MIS 2.

During chemical weathering of loess, ion exchange and layers
transformation of clay minerals occurs, that leads to modified of
their structure and clay neoformation. The [Cu(trien)]2þ ion is
rather selective to expandable clay minerals, and thus increased
CEC values are most likely attributable to a higher concentration of
the most common expandable clay minerals, i.e. smectite struc-
tures, whereas lower concentrations indicate increased presence of
the weak expandable clay mineral, i.e. illite (Bábek et al., 2011). The
structure of expanded clay minerals is typical for more humid en-
vironments, and its low amount in the sediment suggests that
conditions were likely arid (and acidic) and they has been largely
depleted or least altered. The smectite/illite ratio in the loess series
can be used as a proxy for humidity. Even if CEC has rarely been
used for loess/paleosols sequences, several studies suggest CEC can
be correlated with other indicators of weathering intensity related
to precipitation such as magnetic susceptibility, diffuse reflectance
spectroscopy and element ratios of Rb, Ca and Sr (Maher, 1998;
Bokhorst et al., 2008; Bábek et al., 2011). In DV and P�redmostí, that
is suggested by an apparent relationship of CECwithMgO/CaO ratio
and magnetic susceptibility that denotes a connection of weath-
ering intensity with pedogenesis and amount of precipitation.

In general, the sedimentological, magnetic and geochemical
results from all sections show significant climatic deterioration in
Upper Pleniglacial by comparison with Upper Middle Pleniglacial
conditions. That is recorded as gradual increasing wind intensity
and a relative decline of precipitation. Nevertheless, in comparison
with Dolní V�estonice, the proxy record from P�redmostí suggests
relatively more favorable climatic conditions.

5.3. Gravettian migrations during the Middle and Upper
Pleniglacial within Moravian valleys

One of the goals set at the beginning of this paper was to discuss
reasons which enabled humans during the Upper Pleniglacial to
exploit the North European Plain, and subsequently even colder
regions. One of the possible explanations is the presence of the
water in the cold, and subsequently very dry glacial landscape (Lisá
et al., 2013). Humidity seems to be themost important factor for the
presence of vegetation, and subsequently animals and humans. The
most important factors limiting the presence of human camps in
the landscape is the presence of tectonically predisposed wide
open valleys with the river network and with the close proximity of
narrowing in the landscape. Oliva (2007) and Svoboda et al. (2003)
discuss the importance of the presence of a river network. During
the Glacial period, braided rivers (French et al., 2007) resulting from
appreciable sediment load, rapid and large variations in discharge,
and erosion formed the fluvial landscape of the Paleolithic in
Central Europe. The alluvial zone differed from the recent one quite
significantly. The presence of water in the landscape raised the
temperature below rivers and along the margins, which resulted in
further melting of permafrost along the banks and distinct bank
morphology. Tectonic activity often brings water to the surface as
course and springs. Deep water circulations were probably alsi
active during the LGM.

Another important factor is the precipitation, which was
probably distributed differently within the Moravian landscape. As
visible from the sedimentological micromorphological and the
geochemical record, Central and Northern Moravia was during the
Middle and Upper Pleniglacial more humid than Southern Mora-
via. This fact can be connected with the more hilly geomorphology
(Czudek, 1997), but also with the shorter distance from the North
European glaciation. The proposed movement to the more cold,
but subsequently also more humid regions in the transect from
the Danube to the North European Plains can be compared with
the movement to the Carpathians valleys as described by Svoboda
(2001). Those valleys were described as warmer refugia (Musil,
2003), but the key factor was possibly the presence of humidity.
Together with the possible presence of permafrost, such areas
were much more suitable for the vegetation growth than the drier
south. Rich vegetation growing over permafrost, because the
permafrost layer catches the humidity, are known from recent
arctic areas (Beilman, 2001; Payette et al., 2004). The presence of
water connected with growing vegetation is one of the limiting
factors of mammoth migrations (Gröning and Saller, 1998), and
therefore also the limiting factor for Gravettian hunters’
migrations.

6. Conclusions

Studied loess sites fromNorthern, Southern and CentralMoravia
provide a suitable archive for detailed study of the palae-
oenvironmental changes during Upper Paleolithic period. Using a
multi-proxy approach combining micromorphological, sedimen-
tological, rock-magnetic, and geochemical methods, we have
demonstrated that:

1. The sedimentary record within the studied transect differs, the
amount of deposited or preserved sedimentary record de-
creases toward the north.

2. The most evident difference in micromorphological record is
the increasing presence of freezing and thawing features to-
ward the north. The strong postsedimentary influence at
Ho�s�tálkovice precluded detailed study.

3. The particle grain distribution record of three studied Upper
Palaeolithic loess sites show a progressive coarsening of the
loess deposits during the Upper Pleniglacial. A progressive
fining is visible toward the North European glaciation.

4. The geochemical record of the studied sections shows
numerous similarities and is influenced by lithology. Cation
Exchange Capacity (CEC) of Dolní V�estonice shows a relatively
stable trend with microfluctuations except for enhancement
within the lower part of the section, where the re-deposited
interstadial soil and cultural layer were identified. Increased
values were found in the loess with initial pedogenesis, and a
slightly increased trend is visible in the upper part of the pro-
file. The profile in P�redmostí shows a similar trend.
Ho�s�tálkovice section displayed the highest CEC values within
the base, due to the weathered sandy loam with carbonate
pebbles. A sharp decrease of those values follows the appear-
ance of pure loess-like deposits with the artefacts.

5. New OSL Ages were determined for Dolní V�estonice, and the
first OSL dating for Ho�s�tálkovice. In Dolní V�estonice the age of
the cultural layer was estimated to 41 ka and the age of the gley
layer to 32 ka. Ho�s�tálkovice, the age of the base of the section
was estimated to 50 ka, the position of artefact findings 26 ka,
and the infilling of frost edges 5.3 ka. OSL dating for Dolní
V�estonice and Ho�s�tálkovice brought slightly older dates than
expected.

6. The reason that humans could exploit the North European Plain
and even colder regions could have been the presence of water
in the cold and arid glacial landscape. According to sedimen-
tological and geochemical records, the more northerly regions
were more humid than the regions to the south.
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Sediments from three paleolakes and two paleosol horizons in south Bohemia, Czech Republic, provide evidence
of climate change and landscape evolution in central-eastern Europe on millennial to centennial timescales over
the Late Glacial (~16–11.5 ky). Based on a combination of geochemical, sedimentological and geophysical proxy
indicators, along with the pollen record and soil micromorphology, we propose a relationship between vegeta-
tion cover, soil development, and erosional processes. Fourmajor and twominor environmental stages, identified
in all investigated paleo-lakes, were broadly correlatedwith the LateGlacial climatostratigraphy. Short-term (de-
cadal to centennial) climatic deteriorations between the Bølling and Allerød, and within the Allerød, have been
correlated with the Older Dryas and the Intra-Allerød Cold Period (IACP) respectively. B horizons of two (gleyic)
podzols discovered under aeolian sand dunes in the lake catchments were dated to the Allerød interstadial and
were parallelized with Usselo soils – pedostratigraphical marker horizons of west- and northern-central Europe.
The upper parts of these soils have signs of colluvial processes. According to the radiocarbon dating, the erosion
occurred at 13,155 ± 150 cal. yr BP and can be associated with the IACP event, which is marked by a significant
input of allogenic material into the lake basins. We attribute the significant increase in the iron and consequent
phosphorus content in the lake sediments during the Allerød to the podzolization that occurred with the humid
interstadial conditions.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

As demonstrated by numerous paleoenvironmental studies world-
wide, changes in climate regimes associated with the Late Glacial (LG)
period (~16–11.5 ky ago) caused deep ecosystem conversions and
evoked distinct interactions within and between the different compo-
nents of terrestrial environments (Roberts, 2014).

Although most research has demonstrated the effects of the LG cli-
matic oscillations on the biological components of the environment
(Firbas, 1949; Watts, 1979; Ammann and Lotter, 1989; Ammann et al.,

1993; Goslar et al., 1993; Hoek, 1997), significant insight into the LG cli-
matic and, consequently landscape, dynamics can also be gained by
the study of the associated erosion and pedogenesis dynamics. These
processes are directly connected with climatic changes: the more
favourable climatic conditionswould usually favour pedogenesis, great-
er soil-binding by the denser vegetation, and the limiting of surface ero-
sion, while cooling conditions tend immediately to cause surface
instability, limited chemical weathering, increased erosion, and rein-
forced aeolian activity (Engstrom and Wright, 1984).

Some studies have shown that lacustrine sediments are able to re-
cord physical erosion, weathering, and soil development (Bakke et al.,
2010; Mckay and Kaufman, 2009; Rosqvist and Schuber, 2003;
Simonneau et al., 2014).

In a Pan-European context, the most straightforward evidence on
the LG climatic oscillations (including the minor cooling episodes such
as the Older Dryas or Intra-Allerød Cold Period) has come from the
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North-Atlantic (NA) region; further into the European sub-continent,
namely into central-eastern Europe (hereafter CEE), the impact of
these short-term climatic episodes has as yet been poorly documented.
This could be due to: (1) geographical position, since the N and NW
Europe is supposedly more heavily influenced by the hydroclimatic
changes in the NA; and/or (2) the relative scarcity of suitable CEE sedi-
mentary archives, such that would cover the complete period of the LG
in sufficient resolution, compared to N and NW Europe. Consequently,
many questions related to particular episodes in paleoenvironmental
history remain virtually unclear throughout the territory of the Czech
Republic, situated as it is in an important transition zone between the
macro-climatic settings of the Atlantic and European continent. Such
unanswered questions include those relating to the spatiotemporal var-
iation of the timing of LG climatic changes and their impact on terrestri-
al ecosystems.

The investigation of Lake Švarcenberk in South Bohemia (Czech
Republic) has already proved to be one of the most valuable archives
for this period of interest in the entire CEE (Hošek et al., 2014). With a
sediment thickness of over 10 m, from which 4–5 m cover just the LG
period, this site provides the most complete and detailed record of the
last 16 ky in the European interior. Though awide range of paleoecolog-
ical information has already been obtained from this site (Pokorný and
Jankovská, 2000; Pokorný, 2002; Hošek et al., 2014), some crucial ques-
tions remain unclear. These include the interplay between terrestrial
and lake ecosystems, and the wide-scale landscape evolution during
the Last Termination.

To fill in some of those gaps, we hereafter report on some high-
resolution lacustrine records discovered recently in in two other
individually-closed paleolakes and the LG interstadial paleosol horizons
that represent the former catchment surfaces.

Our aim has been to obtain evidence for the environmental changes
surrounding the LG in high temporal resolution,with particular focus on
how the rapid climatic shifts had affected pedogenesis, erosion, and
weathering. To address these questions, we have applied geochemical,
sedimentological, rock-magnetic and micromorphological methods to
both the lacustrine sequences and paleosol horizons. Because of the cru-
cial role of vegetation cover in erosion-weathering processes, we com-
pared the geochemical data with the pollen record, currently available
from Lake Švarcenberk (Pokorný, 2002, Hošek et al., 2014).

Last, but not least, this study has highlighted some challenges for
paleoenvironmental reconstruction from the geochemistry and rock-
magnetism of non-laminated lacustrine sequences.

2. Regional setting

The study area is situated in South Bohemia, the Czech Republic, in
the north-eastern margin of the Třeboň Mega-basin (Fig. 1). This
Mega basin is filled mostly by Cretaceous clastic sediments consisting
of sandstones, conglomerates and mudstones. Cretaceous sediments
are partially covered byMiddle and LateMiocene fluvio-lacustrine clay-
ey sands filling the NNE-SSW graben.

During the Last Glacial Maximum (c. 24–22 ky BP) the study area
was located ~110 km north of the Alpine piedmont glaciers and ~
420 km from the southern edge of the North European continental Ice
Sheet. Quaternary periglacial sediments include Pleistocene colluvial
loamy sands, fluvial sandy gravels and the Holocene floodplain of the
Lužnice River. Along this axial river, numerous aeolian sand dunes
formed during the Younger Dryas (Pokorný and Růžičková, 2000). The
sand dunes were formed, according to their morphology, by north-
westerly winds. The source material originated both from fluvial sand
and unconsolidated Cretaceous sandy bedrock. Because of its altitudinal
position (420 m asl) and flat landscape, the loess cover has not been
preserved in the Třeboň Mega-basin. Nevertheless, remnants of loess-
like sediments can be found in the NWneighbourhood of this vast area.

Due to the nature of the geological substratum of this Mega basin,
local soils are deficient in calcium carbonate. Currently, most soils are

leached and show a tendency towards podzolization. The soils are
thus mostly acidic (pH down to 3.3).

The study area is located in the temperate transitional climatic zone
between west oceanic and east continental climatic settings. The pres-
ent climate is controlled by prevailing westerly air masses, already sig-
nificantly reduced in moisture by their passage across central Europe.
Presentmean annual precipitation is 627mmandmean annual temper-
ature is 7.8 °C (at the town of Třeboň; 30-year observation sequence).

Nineteen depressions filled by lacustrine sediments were recently
discovered in the study area (Fig. 1, for details see Hošek et al., 2013;
Hošek et al., 2016), most of them covered by artificial fishponds of Me-
dieval andModern foundation. These basins vary in size (several tensup
to several hundreds of metres in diameter), and in the depth of their
post-glacial infilling (2–12 m); nevertheless, they share several com-
mon features such as their location on Miocene sedimentary bedrock,
elongated shape, and the presence of tectonic faults that often run
along theirmajor axis. Although research on the origin of the lake basins
is still in progress,we assume that these basins are the result of the com-
plex of thermokarst processes (formation and collapse of alases/pingos
and surface degradation of the permafrost) that occurred during the
periglacial conditions of the late LGM. Another explanation which
should be taken into account is that their origin is connected with
short-distance neotectonic horizontal movements (pull-apart basins).
The local geological settings of these study lakes and the bathymetry
of the lake basins are shown in Figs. 1 and 2.

The stratigraphy of the infilling of all the basins under investigation
is very similar, and the time-successive changes in sediment character
are highly contrasting, reflecting well the changes in environmental
conditions during the millennia of sedimentation.

3. Material and methods

This paper is based on data obtained from the threemost-intensively
investigated lakes: Velký Tisý – ‘VT’ (49°02′58.01″N; 14°43′39.60″E),
Švarcenberk – ‘SV’ (49°08′42.01″N; 14°42′45.22″E) and Lake Veselí –
‘VS’ (49° 10′14.67″N; 14°40′36.06″E). All of them were closed in terms
of their hydrology and with relatively small catchments (4–6 km2).

Reference cores VTC and VSC were taken in the summer seasons of
2014 and 2015 with a pneumatic hammer-operated piston corer
(tube 50 mm in diameter). The SVC core from the central part of the
SV lake was taken already in 2000 (Pokorný, 2002). After a visual de-
scription of the cores, these were subsampled continuously with inter-
vals of 2.5 cm (core VTC) and 1 cm (VSC). In the case of Lake
Švarcenberk,we used archived samples from the central core (SV), sam-
pled with 4 cm intervals.

Although the study area has been severely influenced by agricultural
management over the last centuries, we were able to discover Late Gla-
cial paleosols within two (from the total of three) investigated catch-
ments (Fig. 1), and the erosional surfaces associated with them,
preserved under thick aeolian sand dune deposits. These sections
were dug manually and the soils subsampled continuously for micro-
morphological, geochemical and rock-magnetic investigations.

3.1. Chronology and depth-age modelling

The chronology of the VTC core is based on seven radiocarbon ages
determined on terrestrial plant macroremains (2 samples) and 5 bulk
sediment samples (due to the general scarcity of macroremains).
From the VSC core, two samples of terrestrial plants and one bulk sedi-
ment sample were used for dating. In the case of the SVC core, we used
the already published radiocarbon measurements (Pokorný, 2002;
Hošek et al., 2014).

From the soil buried under the Vlkovský přesyp sand dune (VLK),
two charcoal sampleswere taken for radiocarbon dating, and one radio-
carbon date (also obtained from a charcoal sample) used from a previ-
ous investigation of the site (Pokorný, 2002) (Table 1). Samples were
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Fig. 1. Location of the study area and simplified geological mapwith positions of coring sites. Red arrowsmark the sites with paleosol horizons buried by sand dunes. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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prepared for 14C acceleratedmass spectrometry (AMS) and dated at the
Poznan radiocarbon laboratory in Poland (abrr. Poz-), at the Center for
Applied Isotope Studies, University of Georgia in USA (abrr. UGAMS-),
and at the Radiocarbon Dating Laboratory, Department of Quaternary
Geology, Lund/Sweden (abrr. LuA-; see Table 1). Samples were treated
with 5%HCl at the temperature 80 °C for 1 hour, then theywerewashed
with deionized water on the fiberglass filter and rinsed with diluted
NaOH to removepossible contamination by humic acids. After that sam-
ples were treated with diluted HCL again, washedwith deionized water
and dried at 60 °C. The cleaned samples were combusted at 900 °C in
evacuated/sealed quartz ampoule in the present CuO.

The depth-age relationship of the cores was performed using a
depth-age model constructed in the software CLAM 2.2 (Blaauw,
2010). Themodel is based on the linear interpolation of dates calibrated
according to the northern hemisphere terrestrial curve IntCal13.14C
(Reimer et al., 2013).

3.2. Geochemical, LOI, δ15N, and grain-size analyses

We included data on the elemental concentration of titanium (Ti),
rubidium (Rb), strontium (Sr), iron (Fe), calcium (Ca) and phosphorus
(P) in our study in order to detect changes in the lithogenic influx and
chemical weathering intensity in the catchments. X-ray fluorescence
(XRF) measurements were performed on split cores at a resolution of

1–2.5 cm using a NITON XL3t 950 GOLDD + (Thermo Scientific) spec-
trometer with 50 kV Ag tube and large-area SD detector (used for the
cores VTC and SVC) and Delta Professional spectrometer with 50 kV
Rh tube (used for the core VSC).

For better assessment of the erosion-weathering processes in the
study area, samples from the VTC corewere used to carry out additional
analyses.

The stable isotopic composition of nitrogen was measured from
samples at a depth of 770–400 cm in 2.5–8 cm intervals at the Laborato-
ry of Geochemistry of the Faculty of Science of Charles University in
Prague. Samples were decarbonized with 0.5 mol/L HCl, wrapped in
tin capsules and combusted or high-temperature pyrolysed. δ15N was
determined using a Thermo Flash 2000 elemental analyzer connected
to a Thermo Delta V Advantage isotope-ratio mass spectrometer in a
Continuous Flow IV system and oxygen. δ15N is expressed relative to at-
mospheric nitrogen and normalized to a calibration curve based on in-
ternational standards.

LOI (%) was calculated as the difference in weight between the sed-
iment dried at 110 °C and ash produced at 550 °Cwithin a high temper-
ature muffle furnace (Heiri et al., 2001).

Ash residual material from the VTC core was used for granulometric
analyses using a laser size analyzer CILAS 1190 LD that provides a mea-
surement range from 0.04 to 2500 μm. Following Syvitski (1991) and
Sperazza et al. (2004), the samples were treated with 0.5 mol/L HCl,

Fig. 2. Lithology and age-depth relation for VTC, SVC and VSC cores together with the bathymetry of studied lakes. Boundaries between Alleröd-Younger Dryas (~12.9 ky BP) and
Pleistocene-Holocene (~11.7 ky BP; both defined following Lowe et al., 2008) were added based on chemostratigraphy and, in the case of the SVC core, also based on
palynostratigraphy (adopted from Hošek et al., 2014).
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dispersed with 5.5 g KOH 24 h prior to analysis, and 60 s of
ultrasonication was used during analysis.

3.3. Rock-magnetic measurements

Rock-magnetic investigations were applied on the VTC core. The
core was subsampled continuously at 2.5 cm intervals using plastic
cubes with an inner volume of 6.7 cm3. Values of saturated isothermal
remanent magnetization (SIRM) were imparted with a MMPM 10
pulse magnetizer using a field of 2 T. The sample was then imparted
in a back field at 200 mT (IRM_200 mT). Remanence measurements
were made using a JR6-A spinner magnetometer with a noise level of
0.1 × 10−8 A/m2. The S-ratio was calculated conventionally as
IRM_200 mT/SIRM.

For the correlation ofmagnetic and geochemical parameters, as well
as the chemical element concentration and pollen record, the Pearson's
correlation coefficient r was used.

3.4. Micromorphology

Four oriented soil samples were taken in small Kubiena boxes (di-
mensions 3 × 5 cm) from the buried soil in the “Vlkoský přesyp” sand
dune (VLK) and one from the paleosol in the proximity of Lake Velký
Tisý (VT8) (Fig. 1). Upon slow drying followed by impregnation with
resin, thin sections were produced from samples in the laboratory of
the Czech Geological Survey (equivalent to Bullock et al., 1985; Stoops,
2003). The thin sections were studied under polarizing microscopes at
a magnification of 16–800× and interpreted according to Stoops et al.
(2010).

4. Results

4.1. Lithostratigraphy and chronology of lake sediments

General lithological descriptions of the studied cores are shown in
Figs. 2–4. We were able to divide the studied sedimentary records into
three main zones (A-B-C), corresponding to major environmental
changes in the study area. Within these zones, particular lithological
units (LUs) for each studied core were differentiated. The basal parts

of the studied sections (zone A) consist of minerogenic sediments
(clayed sand/gravel) with a very low content of organic matter. In the
overlying 3 to 4-m-thick zone B, a slightly grey/greenish grey, fine-
detritus gyttja prevails. In the lower part of this zone, an increased
input of allochthonous mineral (fine-grained sand and silt) is found,
whereas in the upper part the zone is characterized by quiet lacustrine
sedimentation. The uppermost part of the studied cores (zone
C) consists of organic-rich, fine- and coarse-detritus gyttja, sometimes
rich in microscopic charcoal. In the case of the VSC core, only a thin
layer from this upper zone is preserved, due to the destruction caused
by agriculture management.

Based on 7 radiocarbon dates from the VTC, 3 dates from the VSC,
and 3 dates from the SVC core (Table 1), zone B represents the Late Gla-
cial period and the sediment from the studied cores provide a complete
high-resolution record of this period. The underlying zone A was accu-
mulated probably during the Pleniglacial (LGM), and zone C corre-
sponds with the Holocene. In this paper, mainly the zone B (LG) are
investigated.

4.2. Elemental variations in the sediment cores VTC, SVC, and VSC

The stratigraphic variations of selected elements in the individual
cores from the three studied lakes are shown in Figs. 3 and 4. The
gross trends in these proxies show considerable regularity between
the three cores. Common features of the geochemical record of the
Late Glacial part of all the studied cores (zone B) allowed us to subdivide
this zone into particular subzones B1, B2, and B3.

In lacustrine environments, titaniumhas been found to be a goodmea-
sure of the intensity of detrital input, similarly as in, for example,Whitlock
et al. (2008). The highest concentrations of Tiwere found in zones A (VTC,
VSC) and B3 (SVC) (Figs. 3 and 4), denoting the significant input of
mineral-clastic material to the lakes. In general, distinct phases of in-
creased influx of detrital material are visible on the LG part of the records
(zone B). The highest Ti concentrations have been foundwithin subzones
B3, whereas subzones B2 and the lower part of subzone B1 show rather
lower concentrations. In zone C, Ti concentration significantly decreases.

The iron record of the lacustrine sediments (Figs. 3 and 4) is charac-
terized by high values within subzone B2, relatively low (SVC) or de-
scending (VTC and SVC) values within subzone B3, and rather low to

Table 1
Results on radiocarbon dating from the cores VTC, SVC, VSC and paleosol VLK.

Lab. code Profile, depth
(cm)

Type of material 14C age BP Calibrated age range cal. yr BP Reference

LuA-4590 SVC, 390–393 Woody stem fragment 9640 ± 115 10,801–11,147 (68%) Pokorný, 2002
LuA-4591 SVC, 520–523 Bulk gyttja sample 10,780 ±

115
12,654–12,877 (68%) Pokorný, 2002

LuA-4738 SVC, 680–683 Bulk gyttja sample 11,750 ±
120

13,464–13,813 (68%) Pokorný, 2002

LuA-4737 SVC, 985–995 Salix twigs 12,800 ±
120

14,943–15,617(68%) Hošek et al., 2014

Poz-72027 VTC, 422–423 Bulk gyttja sample 9670 ± 60 11,061–11,214 (50.7%) 10,786–10,981 (39.2%) 10,986–11,033
(5.1%)

This study

Poz-72212 VTC, 487–488 Bulk gyttja sample 10.840 ± 60 12,672–12,823 (95%) This study
Poz-72071 VTC, 536–537 Bulk gyttja sample 11.250 ± 60 13,019–13,249 (95%) This study
UGAMS-25537 VTC, 590 Bulk gyttja sample 11.400 ± 30 13,152–13,306 (95%) This study
Poz-72028 VTC, 617–618 Bulk gyttja sample 11.730 ± 70 13,448–13,717 (95%) This study
Poz-71860 VTC, 678–679 Betula (fruit, seeds) 12.000 ± 60 13,729–14,037 (95%) This study
Poz-71861 VTC, 730–735 Woody fragment 12.240 ± 60 13,960–14,449 (95%) This study
UGAMS-25536 VSC, 282.5 Bulk gyttja sample 11.890 ± 35 13,580–13,776 (95%) This study
UGAMS-
23611

VSC, 355–360 ??? Carex 11.830 ± 70 13,534–13,772 (89.8%) 13,483–13,527 (5.2%) This study

UGAMS-
23612

VSC, 420–422 Salix/Populus (wood
fragment)

12.140 ± 30 13,905–14,152 (94.7%) 13,880–13,884 (0.3%) This study

Poz-80136 VLK_surface, 185 Charcoal fragments 10.560 ± 70 12,380–12,705 (92.5%)12,239–12,274 (1.8%) 12,308–2325
(0.6%)

This study

LuA-4645 VLK_subsurface,
190

Charcoal fragments 11,260 ±
120

12,829–13,343 (95%) Pokorný and Růžičková,
2000

Poz-80137 VLK_bottom, 198 Charcoal fragments 11,530 ± 60 13,263–13,475 (95%) This study
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Fig. 3. Graphs of selected elements concentration, Loss on Ignition (LOI), C/N and δ15N in the core VTC plotted by depth.
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moderate valueswith subzone B1 and zone A, except for the lithological
units VTC_7 and 8 and VSC_5, where increased concentrations of Fe
were found. A weak correlation between Fe and Ti in VTC and SVC
(r = ~0.10, 0.22) and even a weak negative correlation in VSC
(r = −0.14) suggest that the enrichment of the lake sediments in Fe
cannot be attributed to enhanced detrital input.

Although lacustrine sediments in the research area are found to be
acidic and carbonate-poor, some horizons showed an enrichment in

calcium. Depth variations of the Ca records have generally shown oppo-
site trends to that of Fe (Figs. 3 and 4). In the VTC core (Fig. 3), the high
concentrations of Ca correspond with the upper part of zone A (LU
VTC_9) and subzone B1, whereas subzones B2 and B3 show a signifi-
cantly lower concentration as well as a descending trend in Ca concen-
tration. A similar record has also been found in the SVC core (Fig. 4); in
this profile the highest Ca concentration relates to the LU SVC_10 (zone
A) and SVC_7 (subzone B1). In the core VSC (Fig. 4) a higher content of

Fig. 4. Graphs of selected elements concentration in the cores SVC and VSC plotted by depth.
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Ca has been found within LU VSC_5 (subzone B1) and subzone B2. In
contrast, Zone A and subzone B3 seem to be almost calcium- (carbon-
ate-) free.

Phosphorus reaches maximum concentrations within subzone B2,
whereas zone A shows low values, both similarly in all cores. In the
VTC and SVC cores (Figs. 3 and 4) there is some increase in the lower
part of subzone B3 and, in the case of VTC, also in themiddle part of sub-
zone B1 (LU VTC_7). Phosphorus concentrations show a good positive
linear relationship with Fe in the LG part (Zone B), in core VTC (r =
0.61) and SVC (r = 0.71). In the VSC core this relationship has only a
weak correlation (r = 0.44).

4.3. Results from the VTC core

4.3.1. C/N and LOI
The organic matter (OM) in sediments is able to record the relative

contributions of the particulate detritus of plants coming from a catch-
ment (allochthonous) or from the aquatic environment (autochtho-
nous). The origin of aquatic organic matter is conventionally
distinguished from allochthonous (terrigenous) material by the C/N ra-
tios. Lacustrine algae have low C/N ratios, commonly between 4 and 10,
whereas upland vascular plants have C/N ratios of 20 or more (Meyers
and Lallier-Vergès, 1999). In subzone B1, the C/N ratio ranges from 28
to 11 (Fig. 3), indicating the significant contribution of terrestrial OM
in the lacustrine sediment. The maximum values correspond with LU
VTC_8 (clayey peat) and the upper part of LU VTC_7 (silty gyttja with
an admixture of plant macro-remains). Within subzones B2 and B3,
the C/N ratios are rather stable, being around 11, denoting that the or-
ganic component of gyttja is mainly composed of the remains from
autochthonic aquatic production. This interpretation is supported by
microscopic examinations that revealed remnants of microscopic or-
ganisms, mainly algae.

Based on this finding, the values of LOI (Fig. 3) in the B2 and B3 sub-
zones can be taken mostly as a proxy for primary lake productivity,
which was definitely driven mainly by climate conditions (Heiri et al.,
2001). The LOI values show an opposite trend to the Ti concentrations
discussed above. The content of OM within zone A is very low, ranging
from 0 to 3%. The highest content of OM (up to 60%) coincides with
the layer of clayey peat in the bottom of subzone B1 (LU VTC_8). Sub-
zone B2 also shows a higher content of OM (~25%),whereaswithin sub-
zone B3 the content of OM again progressively decreases (~16%). The
uppermost part of subzone B3 is characterized by a sudden increase of
OM content, which reaches its maximum at the LG/Holocene boundary.

4.3.2. δ15N and paleoclimatic interpretations
Although nitrogen isotope composition (δ15N) in lake sediments can

be influenced by several mechanisms (see Xu et al., 2014 and references
therein), a considerable factor influencing δ15N can be, similar to C/N,
the amount of terrigenous organic matter entering the lake. Lowering
δ15N values can thus be associated with a higher amount of terrigenous
organic matter and vice versa. Consequently the denser vegetation
cover and soil development during a warm-humid period leads to low
δ15N values in lake sediments, while elevated δ15N values can indicate
sparser vegetation,weak pedogenesis, and thus a cool (and dry) climate
(Watanabe et al., 2004; Zhang et al., 2014).

The values of δ15N (Fig. 3) vary between 0.47 and 2.73% with an av-
erage value of 1.54. The depth profile shows rather low values in sub-
zone B1, except for its middle part (LU VTC_7), where a significant
increase of δ15N was found (Fig. 3). Another peak in δ15N occurs at the
B1/B2 boundary. Subzone B2 is characterized by a range of lower values
~1.1‰; slight increases of δ15N have been detected in the upper part of
this subzone (617.5–600 cm). In subzone B3 there is a sudden increase
of δ15N; peak values are high (~2.3‰) within the lower part of the sub-
zone (500 cm) and then continuously decrease up to the LG/Holocene
threshold, when they rise again.

During thewhole of LG the δ15N values show very similar depth var-
iations as the Ti record (r=0.54) (Fig. 3). In subzoneB1, the increases of
δ15N lag behind the peaks of Ti, resulting in a low/moderate correlation
coefficient (r= 0.20), whereas in subzones B2 and B3 a strong correla-
tion (r = 0.85) between these proxies has been found.

4.3.3. Grain-size variations
Depth-variations of clay-, silt-, and sand-grain sizes of the mineral

clasts, together with the mean grain size (MGS), are shown in Fig. 5.
Basal sediments in LU VTC_10 (880–750 cm) consist mainly of coarse
silt to fine/medium coarse sand. In the over-lying grey sandy silt (LU
VTC_9) the fraction 16–42 μm prevails. Average grain size in subzone
B1 is 34 μm. This subzone is characterized by the higher dynamics of
the coarse-grained input. The most prominent input of the coarse-
grained clasts is coincident with LU VTC_6 (650–700 cm, MGS up to
72 μm, maximum grain size up to 500 μm). Within subzone B2 (LU
VTC_3) a medium-coarse silt (23 μm) prevails. In the upper part of the
unit gyttja is enriched by clay (up to 8%). Average grain-size of subzone
B3 (LU VTC_4) is 27 μm; the striking feature of the upper part of this
subzone is the high content of the clay fraction (up to 12%). By contrast,
the middle part (depths 475–550 cm) is characterized by a distinct
input of a coarse-grained fraction (MGS up to 45 μm, maximum grain
size up to 200 μm).

4.3.4. SIRM and S-ratio
Rock-magnetic parameters, in concert with the geochemical and

sedimentological characteristics, provide a valuable contribution to en-
vironmental reconstructions, since the magnetic properties can mirror
both the environmental conditions on land and the intra-lake processes
(Just et al., 2015).

Depth-variations of the SIRM and S-ratio are shown in Fig. 5. SIRM is
a parameter providing informationmostly on the concentration of fine-
grainedmagnetite preferably formed by pedogenesis (Heller and Evans,
1995). The values of SIRM (in 10−3 A/m) vary between 0.5 and 610. In
zone A and subzone B1, the rockmagnetic record correlates with the li-
thology. On the bottom of zone A (LU VTC_10) are very low values of
SIRM, apparently due to the presence of diamagnetic quartz sand. Max-
imum values correspondwith LU VTC_9, where clayey silt dominates. A
sharp decrease of magnetic values in zone B1 (LU VTC_8) is caused by a
significantly high content of diamagnetic organic matter (up to 80%),
which reduces the magnetic signal. Peaks of SIRM within subzone B1
correlate with layers of increased influxes of silt and fine-grained sand
mixed with plant macro-remains (LU VCTC_7). Within subzones B2
and B3 (homogenous fine-detritus gyttja) rather low SIRM (2−12)
was found. Increased values of SIRM (lower and upper part of B2,
upper part of B3) have no lithological correlates.

The S-ratio is a concentration-independent proxy for the relative
abundance of ferrimagnetic to antiferromagnetic minerals (Maher,
1986;Wang et al., 2012). Elevated values reflect the dominance ofmag-
netite (or maghemite), while lower values represent increasing contri-
butions from antiferromagnetic minerals, i.e. hematite or goethite. The
S-Ratio is in general high and varies less in zone A (0.9 to 1), whereas
in zone B the S-ratio is scattered between 0.75 and 1 (Fig. 5). The posi-
tive correlation of SIRM with the S-ratio (r = 0.61) suggests
magnetically-soft ferrimagnetic minerals (magnetite or maghemite) as
the main carriers of magnetic remanence. Consequently, the lower S-
ratio values observed in some horizons (lower part of LU VTC_7,
VTC_6, middle part of VTC5, VTC_4) signalize an increased presence of
magnetically-harder antiferromagneticminerals (hematite or goethite),
which have overall weak magnetic signals (Robinson, 1986).

Elevated SIRM, and consequently a high S-ratio, within zone A indi-
cates a magnetite/maghemite population that is probably of detrital or-
igin because it occurs inmineral-clastic-rich sediments depositedwith a
minimum of organic matter (LOI 0.1–3%).

SIRM shows a weak/moderate positive correlation with Ti content
within zone A (r = 0.44), a very weak correlation within subzone B1
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(r=0.11), and a strong negative correlationwithin subzones B2 and B3
(r=−0.66, Fig. 6). The correlation between the S-ratio and Ti shows a
similar behaviour as the SIRM. It is slightly positive in zone A (r=0.32),
very weak in B1 and strongly negative in B2 and B3 (r = −0.88). Both
magnetic parameters show positive correlation with Ca (r = 0.43 for
SIRM and 0.57 for S-ratio) for zones A and B1, whereas in subzones B2
and B3 this relationship does not occur. Within subzones B2 and B3,
where the fine-detritus gyttja dominates, the S-ratio as well as SIRM
are obviously positively correlated with LOI (r = 0.81 and 0.72, Fig. 6),
denoting that themagnetic enhancement of the lacustrine sediment oc-
curred during periods with increased lake productivity, which we can
assign to a warmer climate. Within subzone B1, SIRM and the S-ratio
show linear correlation with C/N (r= 0.58 and 0.61, respectively) sug-
gesting that the magnetic signal is positively influenced by an influx of
terrestrial organic material.

The S-ratio and δ15N have a significant strong correlation
(r = −0.75) during the whole LG (Fig. 6). The SIRM and δ15N anti-
correlate moderately within subzone B1 (r = −0.42) and strongly
(r = −0.64) within subzones B2 and B3.

4.4. The paleosols - field observations, micromorphological description,
dating

Wehave discovered two paleosols under aeolian sand: VT8 paleosol,
situated in the proximity of the former shore of Lake Velký Tisý, and VLK
paleosol, located in the NE proximity of Lake Švarcenberk (Fig. 1). The
profiles of these paleosols and superimposed sand dunes are sketched
in Fig. 7. The basal part of the VLK profile consists of non-stratified, me-
dium and coarse sand with fine gravel. A charcoal sample from the top
of this basal layer provided a radiocarbon age of 13,427 ± 116 cal yr
BP. The over-lying, 21-cm-thick, brownish-yellow (10YR6/8) soil hori-
zon is characterized by its massive texture and low organic content
(0.6–1.2%). The over-lying, 170-cm-thick, aeolian accumulation consists
of well-sorted, fine to medium sand with a layer of coarse sand and
gravel.

At the base of the profile from the VT8 site, clayey sand (Miocene
sediment) has been found. This basal sediment is overlain by a 15-cm-
thick layer of brownish-yellow (10YR6/6) clay mixed with fine- to
medium-grained sand. Macroscopic charcoals and features of
oxidation-reduction features (Fe and Mn nodules) are present. This
layer is buried under a 90-cm-thick horizon of aeolian sand. A 15-cm-
thick, podzol, horizon sequence (O-E-Bhs) developed on the top of

this sequence and some placic horizons were recognized within the ae-
olian sand.

Four samples from the VLK paleosol and one sample from the VT8
paleosol were obtained from the above-discussed sequences; their sig-
nificant micromorphological features are summarized in Table 2 and
shown in Fig. 8.

According to the field and micromorphological observations on the
VLK paleosol (see Table 2), the lower part (21–9 cm, sample VLK_2,
Fig. 8a) consists of an intact, gley-spodic horizon of podzol, whereas
the upper part (8–0 cm; VLK_1, 3, 4) is probably a redeposited B horizon
mixed with sand and poorly-decomposed organic matter. Apart from
the fragments of B horizon, possible fragments of humic A horizon
(Fig. 8b) and albic E horizon (Fig. 8d) were found. This pedo-colluvial
horizon was post-sedimentarily illuviated and gleyed. It contains abun-
dant charcoal fragments that was dated to 13,155 ± 150 cal. yr BP. The
pedo-colluvial horizon is overlain by a 2 to 4-cm-thick layer reddish yel-
low clay (7.5YR6/6) with sand and abundant size-sorted, charcoal and
mineralized, wood fragments (average size 0.3 cm in diameter). The
sample obtained from these organic fragments yielded a radiocarbon
age of 12,492 ± 169 cal. yr BP.

Micromorphological analyses of the VT8 site (Fig. 8e–f, Table 2) have
proved the nature of the material: soil sediment. This layer is similar to
that found in the upper part of the VLK site; nevertheless, fragments of
former soil horizons are rather rare. Post-sedimentary illuviation also
took place, but its intensity was significantly lower compared to that
from the VLK site.

5. Discussion

5.1. Titanium and magnetic proxies as indicators of erosion and pedogene-
sis processes

In order to remove the effects of the detrital chemistry, titanium (Ti)
was taken to represent an element that is relatively immobile during
weathering and stays predominantly in the allogenic phase (Young
and Nesbitt, 1998). The minerals containing Ti are not dissolved in an
exogenic environment (Demory et al., 2005) and are biologically not
very active (Eusterhues et al., 2005), so their concentration in lacustrine
sediment is mostly related to the erosion rate in the lake catchment.
Since Ti is most enhanced in fine-grained, clastic-rich sediments (it is
especially strongly bounded on the clay fraction) its higher values
could also have originated from wind-blown/eroded loess or the

Fig. 5. SIRM, S-ratio and grain-size variations in the core VTC.
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intensive erosion of catchment mineral soils (Yancheva et al., 2007;
Dietrich and Sirocko, 2011).

In the study area, the Miocene clayey sand can be considered an ap-
preciable contributor to Ti in the lake sediment. This is demonstrated in
the relationship between Ti and concentration of reworked Tertiary
palynomorphs in the SVC core, which shows an obvious similarity
throughout zone A and subzones B2 and B3 (Fig. 9). A negative correla-
tion (a decrease in the concentration of Tertiary palynomorphs with in-
creasing content of Ti in LU SVC_7, subzone B1) could have been caused
by the erosion of a former loess cover from the lake catchment. This in-
terpretation is supported by a substantially-elevated concentration of
Ca in these sedimentary strata (Fig. 4). Eroded (water-, or wind-
transported) loess could also be the source of Ti in zone A and partially
also in subzone B1. In these horizons the calcium content is ten times
higher than in the present bedrock. The higher content of Ca further cor-
relates with an increased presence of medium/coarse silt, i.e. grain-size
fraction 16–42 μm typical for loess (Smalley, 1995).

Since humic soil horizons are usually enriched byfine-grained (single-
domain and superparamagnetic) magnetite and maghemite (Jordanova
et al., 2013), the elevated magnetic values in the monotonous, organo-
mineral, lacustrine sediment can be connected with a more intensive pe-
dogenesis in the lake catchment (Maher and Taylor, 1988). The good cor-
relation between S-ratio and SIRM with LOI and δ15N (Fig. 6) in the
sediment strata where the fine-detritus gyttja dominates (subzones B2
and B3) suggests that the magnetite/maghemite enhancement of the la-
custrine sediments can be attributed to warmer (more humid) periods
and thus a humic soil-horizon development in the lake catchment.

On the other hand, a higher content of ferrimagnets in zone A and
also in LU VTC_7a and 7c (subzone B1) can be attributed to the presence
of eroded (wind-blown) loess, which is, in general, enriched in coarse-
grained (lithogenic) magnetite (Maher and Thompson, 1991). This as-
sumption is supported by the very similar depth variation of SIRM and
Ca in these horizons (Figs. 3 and 5).

5.2. Paleoenvironmental implications and local climatostratigraphy

The close similarity of the Ti depth-variations in all studied lacus-
trine sedimentary sequences suggests that thedynamics of the allogenic
input into the three studied lake basins was driven by the samemecha-
nisms,most probably triggered by the climatic changes.Weassume that
the relationship between cold climate and higher amounts of Ti in the
lake sediment was caused by the following process: when the climate
deteriorated, vegetation was destabilized by ecological stress. Events,
such as blowdowns and fires, became more frequent under such cir-
cumstances. The resulting disturbed surfacewasmore prone to erosion,
including aeolian transport and such processeswould result in higher Ti
contents in the lake basins as comparedwithmore stablewarmperiods.
In the study area this assumption is supported by: 1) the positive rela-
tionship between Ti and pollen percentages of Artemisia (Fig. 10),
which is commonly used as an indicator of cold and dry climate and
thus sparse vegetation cover (Hongyan et al., 2013); and 2) the strong
positive correlation between Ti and δ15N (Fig. 6). The former finding
also confirms the observations from some other sites: that measure-
ments of δ15N in lacustrine sediments can be considered as a powerful
proxy for climate reconstructions.

The idea that Ti is a suitable tracer of the climatic record in our study
area is further supported by the close similarity between the δ18O
Greenland record (NGRIP Members, 2004) and the depth-variations of
Ti content in all the studied lakes (Fig. 11). These findings allow us to
subdivide the records into particular units, corresponding to already-
known LG biostratigraphy (sensu Mangerud et al., 1974) and compara-
ble with the event stratigraphy proposed by Lowe et al. (2008). Based
on this syllogism, subzone B1 very probably corresponds with Bølling,
subzone B2 with Allerød, subzone B3 matches to Younger Dryas and
B/C threshold correlates with the Younger Dryas/Holocene transition.

Apart from this kind of wiggle-matching, our correlation is support-
ed by radiocarbon dating, and in the case of the SVC core by the regional
pollen stratigraphy as well (Pokorný, 2002; Hošek et al., 2014).

In addition to the prominent stages, some minor climatic events
were identified in the study area.

5.2.1. Bølling-Allerød warm period and two minor cooling events within
In comparison with the preceding Pleniglacial, sudden climatic ame-

lioration occurred during the onset of the Bølling interstadial (see e.g.
steep increase of the LOI in the VTC core, Fig. 3). Nevertheless, Ti records
in the VTC and VSC cores show that the soil surface in the research area
was still rather unconsolidated, inclinable to erosion. The higher level of
catchment erosion during the pre-Allerød period has also been referred
to, for example, in the case of Łukie Lake in eastern Poland (Zawiska
et al., 2015). In all study lakes, the most prominent erosion event has
been found in the uppermost part of the B1 subzone, in the time interval
that separates the Bølling and Allerød interstadials. This cooling episode
could be associated with the Older Dryas (GI-1d reported by Björck

Fig. 6. Scatterplots of (a) SIRM versus Ti, (b) SIRM versus LOI and (c) and S-ratio versus
δ15N in the core VTC.
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et al., 1998). This short-lived climatic deterioration is generally recognized
in the pollen record in northern and western Europe (e.g. Walker, 1995;
Brauer et al., 2000) and has also been found in the oxygen isotopic record
of several lakes in southern central Europe, where it is dated to 14,044–
13,908 yr BP (von Grafenstein et al., 1999; van Raden et al., 2013). Radio-
carbon data 13,977± 206 cal. yr BP and 13,741± 138 cal. yr BP obtained
from the discussed horizons of the VTC and VSC cores support this corre-
lation. Identifying the Older Dryas outside of the NA region has been
regarded as problematic, particularly due to the low temporal resolution
ofmost sites already studied and/or theweak response of local vegetation
to this climatic event (Lotter et al., 1992).Within the territory of the Czech
Republic it has not been clearly detected in pollen records up to now.

The prominent peak of the sand fraction associated with the Older
Dryas period in the VTC core (depth 648–677 cm, Fig. 5) could have
been caused by a high intensity of erosion and/or by a higher level of ae-
olian activity. A significant aeolian influx in organic deposits during the
Older Dryas has been reported frommany sites in the Netherlands (e.g.
Bohncke et al., 1993). The increasingly severe conditions during this pe-
riod are indicated by the expansion of pine, suggesting a fall in mean
winter temperatures, and an increase in the continentality of the cli-
mate (Pokorný, 2002).

Another signal of the erosion event (climatic deterioration) has been
found within the Allerød interstadial (the upper part of subzone B2).
This event can be associatedwith cooling and surface erosion ofmineral
soils, as suggested by the higher values of Ti and δ15N, and the lower S-
ratio (Figs. 3–5). The stratigraphic position, together with the radiocar-
bon data in the VTC and SVC cores (Fig. 2 and Table 1), suggests that this
climatic shift was coeval with the Intra-Allerød Cold Period (Amphi-At-
lantic Oscillation of Levesque et al., 1993; GI-1b sensu Björck et al.,
1998). This centennial-scale cooling event has been reported, for exam-
ple, from Switzerland (the Gerzensee oscillation; Lotter et al., 1992),
Canada (the Killarney Oscillation; Lesveque et al., 1993), Wales
(Walker and Harkness 1991), and England (Gransmoor; Walker et al.,
1993). At Lake Gerzensee, this event is dated to 13,274–12,989 varve

yr BP (van Raden et al., 2013). From lakes in Denmark, the onset of
the oscillation is dated between 11,400 and 11,300 14C BP (Andersen
et al., 2000). In the Greenland oxygen isotopic record this event spans
the period approximately 13,311–13,099 calendar yr BP (Rasmussen
et al., 2006).

Evidence of IACP in all the studied lakes denotes the strong response
of the regional environment to this event, which has been recorded only
exceptionally and as a weak disruption outside the North Atlantic re-
gion (Björck et al., 1996; Velichko et al., 2002; Battarbee et al., 2004).

5.2.2. Younger Dryas
In subzone B3, a sudden increase of allogenic input (higher Ti con-

tent, Figs. 3 and 4), and a simultaneous decrease of aquatic and terrestri-
al organic production (lower LOI and higher δ15N values in the VTC core;
Fig. 3) occurred. These findings point to a rapid cooling, an acceleration
of erosion intensity and thus a sparser vegetation cover than that during
the preceding Allerød. We attribute this subzone to the Younger Dryas,
although the radiocarbon data obtained from the same horizons seem
to be obviously older (Table 1, Fig. 11). The discrepancy between radio-
carbon measurement results and the rich contextual information pro-
vided by chemo- and palyno-stratigraphy (Pokorný, 2002; Hošek
et al., 2014, see also Fig. 2) can best be explained by the significant radio-
carbon plateaus that are repeatedly reported for the YD period
(Ammann and Lotter, 1989; Björck et al., 1996; Wick, 2000).

The maxima of the aeolian dynamics are supposed to occur during
the middle period of the YD, as visible on the grain-size record of the
VTC core (zone B3, Fig. 5). This period is connected with a significant
input of a coarse mineral fraction. In the SVC core, several layers of
well-sorted sand are preserved in a position corresponding with the
middle and upper part of the YD (see Fig. 4). These aeolian sand layers
had already been correlated with the formation of the VLK sand dune,
and with the opening up of forest cover (Pokorný and Růžičková,
2000). Higher aeolian activity during this period within the YD is in

Fig. 7. Profile sketches of paleosol sections Vlkovský přesyp (VLK) and Velký Tisý (VT8). Photo shows a detail of the layer with abundant charcoal and wood fragments.
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accordance with observations from numerous other sites of northern-
central Europe (Hoek, 1997).

From this point of view, the later part of the YD seems to be climat-
ically more favourable. In all cores, Ti content declines. In the VTC core,
the same period is associated with a distinct dominance of clay in the
sediment (Fig. 5), which can be attributed to an increase of the lake
level and/or enhanced pedogenesis in the catchment. The idea of accel-
erated soil formation in the catchment under more humid conditions
(and its connection with the formation of fine-grained pedogenic

magnetite/maghemite) is also supported by the magnetic and δ15N re-
cords, which gradually increase (decrease) within the upper part of
the YD towards the Holocene. The climatic amelioration associated
with increased humidity has been previously observed throughout
northern-central Europe (e.g., Kulesza et al., 2014; Karpińska-Kołaczek
et al., 2016), eastern-central Europe (Hájková et al., 2016), and eastern
Europe (Druzhinina et al., 2015; Stančikaitė et al., 2015; Zawiska et al.,
2015). On the other hand, grain-size analyses of the littoral core from
the Švarcenberk Lake (Hošek et al., 2014) suggest a lake-level rise in

Table 2
Micromorphological description of the paleosols from the VLK and VT8 sites.

Sample Micromorphological features Interpretation

VLK_2 (Fig. 8a) Complex microstructure, horizontal pores, cracks, channels, vughs, complex packing voids
C/F(500 μm) = 15:85; C/F(500 μm) = 30:70; sandy loam
Coarse fraction: subrounded and rounded quartz and plagioclase, mica
Matrix brown to dark brown stipple speckled to porostriated
Organic components: fragment of partly decomposed organic matter – rare but present;
brown decomposed elongated fragments of organic matter (50–100 μm – cca 5%); dark
decomposed angular pieces of organic matter (50–100 μm – cca 20%)
Pedofeatures: Fe oxide depleted groundmass, Fe/Mn oxidequasicoatings and impregnative
nodules, clay infilling and coating

Gley-spodic horizon of podzol

VLK_1 (Fig. 8b) Cracky microstructure; cracks pores, channels, vughs, complex packing voids
C/F(500 μm) = 10:90; C/F(500 μm) = 30:70; sandy loam
Coarse fraction: subrounded and rounded quartz and plagioclasse, mica
Matrix: orange brown, dark brown to black, stipple speckled, grano and porostriated
Organic components: black partly decomposed and decomposed organic matter – preserved
as fragments, but composing horizon, brown decomposed elongated fragments of organic
matter (50–100 μm – cca 20%); dark decomposed angular pieces of organic matter
(50–100 μm – cca 30%)
Pedofeatures: Fe oxide depleted groundmass, Fe/Mn oxidequasicoatings and impregnative
nodules, Fe/Mn capping, clay infilling and intensive multilayered coating

Redeposited B horizon with fragments of A horizon;
features of postsedimentary illuviation

VLK_3 upper part Vughy microstructure; cracks pores, vughs, chambers
C/F(500 μm) = 5:95; C/F(500 μm) = 30:70; sandy loam
Coarse fraction: subrounded and rounded quartz and plagioclasse, mica
Matrix: brown to light brown, stipple speckled, striated
Organic components: dark decomposed angular pieces of organic matter (50–100 μm – cca
5%)
Pedofeatures: clay and Fe/Mn oxide depleted matrix, occasional mottles of Fe impregnative
nodules

Redeposited soil with features of postsedimentary
illuviation and gleying

VLK_3 middle part Vughy microstructure; cracks pores, vughs
C/F(500 μm) = 5:95; C/F(500 μm) = 30:70; sandy loam
Coarse fraction: subrounded and rounded quartz and plagioclasse, mica
Matrix: orange brown, dark brown to black, stipple speckled, grano and porostriated
Organic components: brown decomposed elongated fragments of organic matter
(50–100 μm – cca 20%); dark decomposed angular pieces of organic matter (50–100 μm –
cca 30%), charcoal – rare
Pedofeatures: Fe/Mn oxidequasicoatings and impregnative nodules, Fe/Mn capping, clay
infilling and intensive multilayered coating

Redeposited soil with features of postsedimentary?
gleying

VLK_3 lower part (Fig. 8d) Single packing void microstructure; single packing voids
C/F(500 μm) = 15:85; C/F(500 μm) = 30:70; sandy loam
Coarse fraction: subrounded and rounded quartz and plagioclasse, mica
Matrix: orange, clayely, granostriated
Organic components: charcoal, microcharcoal, black particle in clay coating
Pedofeatures: clay coating

Relict of E horizon?

VLK_4 (Fig. 8d) Complex microstructure; horizontal pores, cracks, channels, vughs, chambers, complex
packing voids
C/F(500 μm) = 20:80–50:50; C/F(500 μm) = 30:70; sandy loam to sands
Coarse fraction: subrounded and rounded quartz and plagioclase, mica
Matrix: stipple speckled to porostriated, brown to dark brown
Organic components: fragment of partly decomposed organic matter – rare but present;
brown decomposed elongated fragments of organic matter (50–100 μm – cca 10–50%); dark
decomposed angular pieces of organic matter (50–100 μm – cca 20–50%)
Pedofeatures: Fe oxide depleted groundmass, Fe/Mn oxidequasicoatings and impregnative
nodules, clay infilling and coating

Redeposited soil influenced by illuviation of clay
minerals and Gleying process

VT8 (Fig. 8e–f) Massive microstructure; missing pores, only few channels filled with recent partly
decomposed roots or rarely compose packing voids
C/F(500 μm) = 20:88; C/F(50 μm) = 70:30; unsorted sandy loam
Coarse fraction: subangular to subrounded quartz and plagioclase, mica
Matrix: brown to light brown, crystalic
Organic components: partly decomposed organic matter as roots in recent channels, brown
decomposed elongated fragments of organic matter (50–100 μm – cca 1%); dark
decomposed angular pieces of organic matter (50–100 μm – cca 20%), microcharcoal
(50–100 μm – cca 20%)
Pedofeatures: Fe oxide depleted groundmass, Fe/Mn oxide impregnated matrix, rare
redeposited Fe/Mn nodules and clay coating, dirty dusty coating on grain surfaces

Redeposited soil with fragments of organic matter
and charcoal; slightly postedoposition illuviation
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the later phase of the YD and thus rather drier conditions along the
Pleistocene/Holocene transition.

5.3. Evidence from paleosols

An exceptional opportunity to study the above-discussed processes
is provided by the fossil soils discovered in the proximity of the
Švarcenberk and Velký Tisý paleolakes (Fig. 1). On the surface of the
Pleistocene sandy-gravel terrace of the Lužnice River, a spodic horizon
of podzol was identified (VLK, Fig. 7). This soil is buried by up to 4 m
of sand, which has been previously interpreted as aeolian by origin
(Pokorný and Růžičková, 2000). Based on the radiocarbon data obtained
from the base and top of this soil (Fig. 7, Table 1), the soil had developed
during the second part of the Allerød. It can be parallelized with the
stratigraphically-identical Usselo and Finow soils reported from west-
and northern-central Europe, where they are usually considered to be
stratigraphical-marker horizons for Late Glacial, aeolian landscapes
(Hijszeler, 1957; Schlaak, 1997; Kowalkowski et al., 1999; Kasse,
2002; Kaiser et al., 2006; Kaiser et al., 2009; Jankowski, 2012). These
paleosols consist of various soil types; nevertheless, the Finow soils
are mostly characterized by silicate weathering, clay translocation and
redoximorphism,whereas for theUsselo soils organicmatter accumula-
tion and podzolization are rather more characteristic (Kaiser et al.,
2009). On the basis of the micromorphological investigations
(Table 2), the latter type is pedologically more similar to that found
within the VLK sand dune. Because of the influence of water table oscil-
lationswithin thefluvial terrace, podzolization took place - consequent-
ly with the oxidation of iron and manganese after water saturation and
desaturation. The buried soil horizon thus corresponds rather with the
Gleyic Podzol. This type of Usselo soil has been previously described,
for instance, in a closely-resembling, geomorphological and hydrologi-
cal context from Poland, as the result of soil-forming processes and dia-
genesis along a buried slope (Jankowski, 2012). The Usselo horizon is
usually 5–20 cm thick and is characterized by slight humus accumula-
tion, the presence of charcoal and well-developed humic (Ahb), albic
(Eb), and spodic (Bhs) horizons (Kaiser et al., 2009 and references
therein). Nevertheless, in our studied profile the humic and albic hori-
zons have not been detected. This we attribute to the erosion of the for-
mer Ah and Eb horizons shortly before the soil was buried under the
aeolian sand. The same observations have also been made in some
loess/paleosols sequences in central Europe where the Ah horizons of
the Eemian Luvisol were eroded immediately after the climate deterio-
ration at the end of the Last Interglacial (Hošek et al., 2015). Micromor-
phological investigations (Table 2) have shown that the upper part of
the soil profile has signs of colluvial processes and surface runoff, such
as horizontal lamination and the changing of 1 to 2-mm-thick layers
of coarse- and fine-grained particles over a dense, structural seal. The
higher content of the poorly-decomposed organic matter visible in the
micromorphological sample VLK_1 (Fig. 8b) can be interpreted as the
preserved fragment of a disturbed Ah horizon, which was mixed with
the sand and underlying gley-spodic horizon during colluviation.
Owing to the fact that the matrix in the lowermost part of sample
VLK_3 is obviously depleted (Fig. 8c), only a relic of the albic horizon
(E) could be preserved in this layer. All these findings indicate that
some climatically-driven erosion event occurred within the Allerød.
Based on the radiocarbon date 13,005–13,305 cal. yr BP obtained from
the pedo-colluvial horizon, this event fits the above-described IACP
cool event (GI-1b) dated from western Europe to 13,274–12,989 varve
yr BP (van Raden et al., 2013). This clearly demonstrates a direct rela-
tionship between landscape processes, such as surface runoff/soil ero-
sion, and the allogenic input to the lake basins, as indicated by the
geochemical/magnetic records in all the lakes studied by us.

Another pedo-colluvial horizon buried by aeolian sand found in
the proximity of Lake Velký Tisý (VT8, Figs. 1 and 7) seems to be the re-
sult of the same erosion event. Unfortunately, no radiocarbon date was
obtained from this horizon. Nevertheless, a Late Paleolithic artifact

(Federmesser culture; personal communication by P. Šída) discovered
in the over-lying aeolian sand denotes that the sand accumulated dur-
ing the YD (from the age of the Federmesser culture in central Europe;
see Jochim, 2008). Thus we suggest that the soil was formed (and erod-
ed) in the precedingwarmer period. This horizon is, similarly to the VLK
site, very rich in charcoal, pointing to the observation from northern-
central Europe that towards the end of Allerød the occurrence of forest
fires had increased (Van der Hammen, 1951).

The pedo-colluvial horizon and the uppermost part of the intact B
horizon from the VLK paleosol are marked by a relatively strong
clay illuviation connected with the gley process demonstrated by
micromorphological analysis (sample VLK_4, Fig. 8d). The same,
but less intensive, post-sedimentary illuviation was also recognized
in the pedo-colluvial horizon from VT8 (Fig. 8e). It denotes that an-
other pedological process took place on these sites after the erosion
event. This soil weathering process could be related to a relatively
short humid phase of the late Allerød (GI-1a in the NGRIP record)
which occurred after the IACP cold event. Favourable climatic condi-
tions during this period are indicated by all the abiotic proxies from
the three studied lakes (Figs. 3–4) and it is also reflected in the biotic
indicators from Lake Švarcenberk (Pokorný, 2002; Hošek et al.,
2014). Nevertheless, due to the relatively short distance between
the buried soils and recent surface, it should also be taken into ac-
count that the illuviation of the particular soil horizons could have
taken place during the Holocene.

The formation of soils during the Allerød period required stable cli-
matic conditionswith little aeolian activity and a relatively-dense vegeta-
tion cover. The catchments of the lakes were covered by pine-dominated
forest, which then became more closed, as reflected by a decrease in
open-community indicators in the pollen spectra (Pokorný, 2002;
Hošek et al., 2014). Woodland cover helped to prevent surface washes
and slope processes. Considering this, it is not surprising that generally lit-
tle erosion occurred in the lake catchments during the Allerød.

A combination of the acidic nature of the bedrock, the relatively dense
cover by coniferous trees, and increased precipitation would have en-
sured that podzolization occurred in the study region (see Fig. 8a). The in-
crease in precipitation, in particular, would have been the crucial factor
for this process (Section 5.4). A supposed increase of precipitation in the
study area at the beginning of the Allerød is in accordancewith the higher
lake level of the VT lake (see the fall in the mean grain size of the lacus-
trine sediment in this particular horizon, Fig. 5) andwith thepollen record
from Švarcenberk Lake (Hošek et al., 2014).

By contrast, the formation of aeolian sand dunes indicates severe cli-
matic conditions. In the upland record from theVLKburied soil, the sud-
den climatic change at the Allerød/YD threshold is represented by the
thin layer of sandy clay and abundant charcoal dated to 12,322–
12,661 cal. yr BP (Fig. 7), i.e. the beginning of the YD. This layer with
abundant charcoal has been referred to from numerous Usselo soils as
well (Kaiser et al., 2009 and references within). Charcoal presence on
the top of the soil probably resulted from the climatic deterioration
which led to a wide-scale dieback of coniferous forests and subsequent
extensive fire events. This climatic event is also probably reflected in the
regional pollen record (Pokorný, 2002; Hošek et al., 2014), where a peak
inmicroscopic charcoal particles precedes a phase of significant opening
up of the vegetation during the Allerød/YD transition. A good size-
sorting of the charcoal and rotten-wood particles (0.5 cm in diameter,
see Fig. 7) denotes that the fragments of dead coniferous vegetation
were wind transported together with the sand.

5.4. Evidence of early soil leaching and acidification

A striking feature of the geochemical records of all the studied lacus-
trine records of that particular period is the significant increase in iron,
as well as phosphorus concentrations, which correspond with the be-
ginning of the Allerød interstadial (subzone B2, Figs. 3–4). Because of
the low correlation between these elements and Ti (r = 0.1–0.3) and
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the Fe/Ti ratio exceeding the mean upper-crustal value (approximately
10) by an order of magnitude, the enrichment of the lake sediments by
iron and phosphorus probably did not occur via physical (colluvial or
aeolian) processes. We attribute this phenomenon to the climate

amelioration, particularly the increase in precipitation. It resulted in
the onset of reducing conditions in soils (during podzolization),
leaching of iron, and subsequent P loss related to the leaching of Fe as
its main inorganic sorbent. The beginning of the Allerød was

Fig. 8. Micromorphological features of the paleosols from the VLK (a–d) and VT8 (e, f); a – sample VLK_2, Fe oxide depleted groundmass (right part), Fe/Mn oxide quasi-coatings and
impregnative nodules (central lower part and left corner) (PPL); b – sample VLK_1, horizon of black particles composed of partly and fully decomposed organic matter and coated by
clay minerals. Visible crack pores (PPL); c – sample VLK_3, depleted silty matrix with vughs; d – sample VLK_4, the transition between silty loam and sands. Pieces of buried organic
matter and microcharcoal are preserved there; e – sample VT8, microcharcoal, as well as relict of clay accumulation and dark pieces of buried organic matter (PPL); f – sample VT8,
fragment of redeposited clay coating, black, decomposed organic matter, dirty dusty coating, microcharcoal and newly forming FeOH nodule (PPL).
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characterized by the establishment of relatively-dense coniferous for-
ests (Pokorný, 2002; Hošek et al., 2014). Both the more humid climate
and coniferous forests are factors that highly promote podzolization
(Lundström et al., 2000). The relationship between Fe-mobilization
(podzolization) and coniferous forest development is clearly illustrated
through the correlation of Fe content and Pinus pollen concentration in
the SVC core (Fig. 9).

The relatively high Helianthemum percentages (up to 3%) in the basal
sediments of Lake Švarcenberk (Pokorný, 2002) indicate initially-
carbonate-rich substrates in the area, most probably loess (see discussion

above). All this is in obvious contrast with the acidic substratum that pre-
vails there today. At the present time, most soils are leached, highly-
acidic, and almost completely lacking calcium carbonate.

This finding indicates that in our research area, with its sandy and
relatively acidic bedrock, mineral-rich soils were replaced by increas-
ingly well-leached ones during the Allerød.

6. Conclusions

Although the eastern part of central Europe is rather poor in Pleisto-
cene lacustrine sequences, in recent years a large number of lake basins
with relatively fast sediment deposition have been discovered in south
Bohemia (Czech Republic). In this study we present the first results on
newly-studied Late Glacial paleolakes and paleosols. Using a multi-
proxy approach that combined sedimentological, geochemical, and geo-
physical methods with the pollen record and soil micromorphology, we
have reconstructed the evolution of the erosion and pedogenic process-
es during the Last Termination (~16 to 11 ky BP). The conclusions of this
study can be summarized as follows:

(i) Ti content in lacustrine sediment is a good tracer for erosion in
the lake catchments. The highest erosion intensity occurred dur-
ing cold periods with sparse vegetation cover, as suggested by
the direct correlation between Ti and the pollen percentages of
the Artemisia pollen record.

(ii) Four major and two minor environmental stages, identified geo-
chemically in all the investigated paleo-lakes, were broadly cor-
related with Late Glacial climatostratigraphy. Based on wiggle-
matching of the Ti record with the δ18O Greenland record, local
palynostratigraphy and 14C-AMS dating, the main stages corre-
spond with the Late Pleniglacial (geochemical zone A), Bølling
(subzone B1), Allerød (subzone B2) and Younger Dryas (subzone
B3). Short-term (centennial) climatic deteriorations situated be-
tween the Bølling and Allerød, andwithin the Allerød, have been
correlated with the Older Dryas and the Intra-Allerød Cold Peri-
od, respectively. It suggests that the landscape of the study area
responded sensitively to the climatic changes in the North Atlan-
tic region and measurement of Ti in lacustrine sediments can be
used as a reasonable climatostratigraphical tool for the subdivi-
sion of the Late Glacial part of studied records.

(iii) Magnetic properties (SIRM, S-ratio) are shown to be useful indi-
cators of pedogenesis in the catchment, since the magnetic en-
hancement of the gyttja is probably connected with the

Fig. 9. SVC core: Depth variation of the Fe, Pinus pollen concentration, Ti and concentration of the Miocene reworked palynomorphs.

Fig. 10. SVC core: Comparison of the Ti-recordwith Artemisiapollen record (% of terrestrial
pollen total sum).
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development of humic soil horizons in the lake catchment. Dur-
ing the Late Pleniglacial, and partially also during the Bølling,
the magnetic signal was influenced by the presence of eroded/
wind-blown loess in the lake sediment.

(iv) Measurement of δ15N in lacustrine sediments seems to be a
promising method for the reconstruction of the humidity in the
study area. Low δ15N values relate with a warm-humid period,
while elevated δ15N values indicate a cool (and dry) climate.

(v) The B horizons of two (gleyic) Podzols discovered under aeolian
sand dunes in the lake catchments were dated to the Allerød in-
terstadial absolutely, by the 14C-AMS dating (VLK section), and
relatively, based on the stratigraphic position (VT8 section).
These paleosols were parallelized with Usselo soils, up to now
only known from northern-central Europe. According to the mi-
cromorphology investigations, the uppermost soil horizons had
been eroded. In the case of the VLK paleosol, this erosion event
was dated to 13,155 ± 150 cal. yr and associated with the IACP
cold event. This clearly demonstrates a direct relationship be-
tween landscape processes, such as surface runoff/soil erosion,
and allogenic input into the lake basins - as indicated by the geo-
chemical/magnetic records in all studied lakes.

(vi) The geochemical, sedimentological, rock-magnetic, as well as
pollen, records suggest that during the Late Pleniglacial and
Bølling the study area was covered by a carbonate-rich substrate
(loess), which is in sharp contrast with the acidic substratum
that prevails in the study area at the present time. The significant
increase in the iron and phosphorus content found in the lake
sediments during the Allerød indicates that mineral-rich soils
in the study area were replaced by increasingly-leached ones
during the podzolization that took place under the humid, inter-
stadial conditions.
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Thick lake sediments discovered in the southern part of the Czech Republic provide a high-resolution archive for
detailed study of paleoenvironmental changes during the Late Pleistocene to Holocene in eastern-central Europe.
Until recently, no similar records were available for this important region in the transition from oceanic to
continental macro-climatic settings. Using a multi-proxy approach that combines sedimentological, pollen-
analytical, paleozoological (Chironomids), geochemical and mineral-magnetic methods we demonstrate
that major climatic events of the Late Glacial can be correlated with Atlantic rather than continental regimes as
reported in paleoclimatic literature for the area of the interest. The sensitivity of applied biological and abiological
techniques to climatically-driven processes allows trans-regional comparisons and enables us to discuss the
pattern of geographic variation in these processes. We are able to establish a clear relationship between vegeta-
tion cover, soil development and erosional processes. A short-term intra-Alleröd cool event has been correlated
with the Gerzensee oscillation. Proxy evidence suggests that the early half of the Younger Dryas was rather
humid, whereas the latter half was dry and had significant impact on vegetation, sedimentary dynamics and
lake level status during the YD/Preboreal transition.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The Last Glacial–Interglacial Transition (including the Late
Weichselian period and onset of the Holocene) is marked by rapid and
pronounced climatic oscillations associated with successive climatic
steps during global deglaciation (Ruddiman and McIntyre, 1981; Lowe
et al., 1994; Björck et al., 1996; Clark et al., 2001; Lowe et al., 2008).
While these changes arewell documented in the high-resolution record
of the Greenland ice cores (Johnsen et al., 1992; Stuiver et al., 1995), as
well as in marine sediments (Bergsten, 1994), our knowledge on envi-
ronmental transformations of the continents is still relatively fragmen-
tal due to the heterogenic deployment of suitable sedimentary
archives. In continent interiors, abrupt Late Glacial and Early Holocene
, Czech Republic. Tel.:+420 731

okorny@cts.cuni.cz (P. Pokorný),
i.cz (I. Horáček),
adlec).

ghts reserved.
climatic oscillations caused deep changes in local vegetation and soil de-
velopment, resulting in changes in sedimentary processes. Yet, as indi-
cated by a large scale geographic comparison of the pollen records
throughout Europe (Davis et al., 2003), considerable interregional dif-
ferences both in timing and intensity of the respective climatic and en-
vironmental rearrangements might have occurred. Consequently,
geographic variation in the regional response to general climatic trends
along the Weichselian–Holocene transition becomes a topic of urgent
importance. A dense network of high resolution records from different
geographic locations once available will present a basic prerequisite
for its analysis.

The records of the lacustrine series providing data on the course
of vegetation development and its relations to local erosion and
lithogenetic dynamics are in these connections of particular significance
(Walker, 1995; Brauer et al., 1999; von Grafenstein et al., 1999;
Ammann et al., 2000; Birks and Wright, 2000; von Grafenstein et al.,
2000). Yet, the geographic distribution of such series is far from being
homogeneous. While a large number of lake deposits are available
from northern and NW Europe, most of central Europe (except for the
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Alpine piedmont and Panonnian basin) is rather poor in this respect.
This very much holds for the area of the eastern part of Central Europe
where the absence of lacustrine deposits is explained both by the high
relief dynamics of the region and by its unfavorable hydrologic context,
far from the sources related to either continental or Alpine glaciations.
Until recently, only three siteswith LateWeichselian lacustrine deposits
were reported from the interior of the Czech Republic: Plešné Lake
in Šumava Mts., Labský důl mire in Krkonoše Mts. (both with a total
thickness of 200–250 cm: Engel et al., 2004; Jankovská, 2006), and the
Švarcenberk Lake in Třeboň basin (Pokorný, 2002; Pokorný et al.,
2010). In contrast to the former two that are high mountain deposits
with rather specific conditions, the latter is situated at a medium
altitude and represents a continuous lacustrine and peat series of a
total thickness of over 10 m of which about 4 m cover just the Late
Weichselian–Early Holocene transition.

The Švarcenberk Lake is, in this sense, a unique archive for environ-
mental reconstructions and the best sedimentary record known for the
Late Glacial and Early Holocene periods in the eastern-central Europe.
The sensitivity of the site's setting to climatic oscillations of this particular
period is due to its altitudinal position (412 m a.s.l.) that is transitional in
terms of altitudinal zonation of vegetation. In addition, the character of
the lake itself (small catchment, a single outlet) makes its water level
sensitive to climatic oscillations. Detailed high-resolution data on the
Late Glacial and Holocene vegetation development are already available
from this site (Pokorný and Jankovská, 2000; Pokorný, 2002) together
with data on the dynamics of the Mesolithic occupation of the lake
catchment area (Šída et al., 2007; Pokorný et al., 2010).

The present paper supplements this information with the results
from a multi-proxy approach, which combines several techniques of
instrumental sedimentological analyses with the pollen record, plant
macrofossils and analyses of insect (Chironomid) remains. We provide
some new data on the former series (a core in the center of the lake),
yet the paper is particularly based on a new core in the littoral area,
Fig. 1. Location of Švarcenberk lake; simplified geological situation of the site; climatic diagram
investigation.
where a relatively quiet, continuous sedimentation prevailed and
allochtonous material from the catchment together with autochtonous
biotic sediment accumulated. We correlate a record from both
series and discuss a degree of correspondence between the results of
particular techniques and, furthermore, the timing and intensity of
paleoenvironmental changes in the lake catchment during the Alleröd
and Younger Dryas periods.

2. The study area and site

The study site (49°08′45″ N, 14°42′45″ E) is situated in South
Bohemia (Czech Republic) at 412 m a.s.l. (Fig. 1). The former lake
Švarcenberk lies in the northern section of the flat landscape of the
Třeboň Basin. The geological substratum of the lake catchment is repre-
sented by sandy Cretaceous sandstones and Tertiary sandy/clayey
fluvio-lacustrine sediments. Depressions are filled with Quaternary
fluvial silt and sandy gravel, aeolian sands, and particularly organic
lake and peat sediments (Fig. 3). Various types of podsols and sandy
or peaty gleysols prevail in the area. The present climate is suboceanic
and is determined byprevailingwesterly airmasses, already significant-
ly reduced in moisture by their passage across central Europe.

Lacustrine clastic sediments of the Lake Švarcenberk basin are
overlain by peat, which have formed after the natural infilling of
the lake occurred at approx. 5500 years BP according to 14C dating
(Pokorný and Jankovská, 2000). Nowadays, the site is heavily influ-
enced by intensive management: between 1698 and 1701 a fishpond
was constructed directly on the site, and its waters have almost
completely flooded over the peat and the underlying lake sediments.

3. Basin morphology and stratigraphy of deposits

The extent of lake deposits and morphology of the basin was
mapped using approximately 150 hand borings (Pokorný, 2002) and
for Třeboň (16 km south from the site); a,b — two cross sections used for stratigraphic
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another 30 detailed hand borings in the southern littoral segment. The
altitude of individual stratigraphic sections was obtained by relative
leveling using the altitude of the present water level as a reference.
The former lake was found to have a maximum surface of 0.51 km2

and the ratio of the surface to drainage basin to be about 1:8 (Fig. 1).
A longitudinal section of the southern littoral (Fig. 3a) shows the
morphometry and infilling of the depression. Notable features of the
basin morphometry are its kidney-shaped form, surprising depth and
declivity (Fig. 2).

The maximum thickness (11 m) of Quaternary deposits was found
in the center of the basin. The layer of basal mineral sediment, 2–3 m
thick, consists of clay with organic admixture in some horizons. Over-
laying this is a 1–2 m thick layer consisting of clayey gyttja, or clay
with very fine organic detritus, the mineral components prevailing.
Above this layer the mineral content decreases and the sediment
(gyttja) is more organic. The last lithological member of the paleo-lake
infilling is coarse-detritus gyttja. After the final infilling of the lake,
oligotrophic lingo-herbaceous peat accumulated. Visual stratigraphy
reflects well the environmental conditions during the time of sedimen-
tation and was used for a basic correlation of individual hand borings.

The SE littoral is relatively separated from the rest of the basin. A
cross-section through the littoral is shown in Fig. 3b. In the western
part of the littoral sandy gravel basal sediments accumulated because
of the erosion from theCretaceous bedrock,whereas in themore distant
eastern part clayey sand is present. The lithology of the southwestern
part could also have been influenced by fluvial sedimentation from a
small tributary; evidence for this are layers of sandy gravels in the
upper part of the lake sediment with a rapidly declining thickness to-
wards the center of the basin. Nevertheless, the SE part of the basin
was not influenced by the dynamics of this weak tributary: relatively
calm sedimentation took place here. In this SE littoral, the sediments
Fig. 2. Bathymetry of the lake basin.
are composedmainly of colluvialmaterials, autochthonous organic sed-
iment, suspension silt and in some places aeolian sand. Therefore the lit-
toral core taken here (littoral profile; LP) is most suitable for a
reconstruction of paleoenvironmental changes in the lake catchment
and water level oscillations.

The other core presented in this paper comes from the center of the
basin (central profile; CP). This is a reference core for the site, and has
already been analyzed for palynostratigraphy, geochemical composition
and macrofossils by Pokorný (2002). However, new analyses (content
of Rb and Chironomids) were made for this core. Information from
this core was mainly used for correlation with the LP core.

4. Material and methods

The results discussed in this paper refer to data from the littoral core
LP (total depth of 464 cm) and the central core CP (total depth of
990 cm). These cores were taken with a pneumatic hammer-operated
piston corer (tube 50 mm in diameter).

Subsamples of 1 to 20 cm3 of the sediment of the core LP (depending
on the type of analysis) were analyzed with the following techniques:
magnetic measurements, pollen and plant macrofossils analyses, loss-
on-ignition (LOI), Rb concentration measurement, and grain size
analyses.

Results of pollen analyses and total organic carbon (TOC) in the core
CP summarized by Pokorný (2002) are here supplemented with results
of Chironomid analyses and instrumental data on Rb concentrations.
Due to insufficient material from the lower part of the core CP, Rb
concentration measurements from depths between 780 and 1000 cm
are incomplete and relatively fragmental.

Petrographic description of mineral grains was performed on a
binocular microscope Olympus ZX-65.

4.1. Stratigraphic analyses

The complete series of the fine-scaled primary record obtained by
their respective analytic techniques were separately subdivided into
particular units based on the degree of similarity among compared
horizons. The stratigraphical units are independently established
based on magnetostratigraphic data, sedimentological characteristics
and the Rb record. The pollen record, plant macrofossils, and Chirono-
mids are treated separately. Their mutual correspondence andmeaning
for reconstructions of the environmental dynamics, aswell as presumed
correlations of the studied serieswith the units of standard stratigraphic
scales, are hence a matter for discussion.

4.2. Chronostratigraphy

AMS radiocarbon measurements were performed on selected
horizons using plant macrofossils: items extracted from the sediment
of core LP at 437, 308, 268–270 and 190 cm depths were dated
(Table 1). Five AMS dates for the CP core are adopted from Pokorný
(2002) and one basal age (LuA-4737) is newly presented here. Mea-
surements were performed at the Lund University Radiocarbon Dating
Laboratory, Lund, Sweden (sample lab. codes LuA-xxxx) and at Poznań
Radiocarbon Laboratory, Adam Mickiewicz University, Poznań, Poland
(sample lab. codes Poz-xxxxx). All the samples were pre-treated by an
acid–alkali–acid method.

Radiocarbon ages were calibrated using the CalPal Online program
(http://www.calpal-online.de/) that uses the calibration curve hyper-
link http://www.calpal.de/wp/?page_id=5%22CalPal2007_HULU.

4.3. Pollen stratigraphy

The samples used for pollen and other microfossil analyses were
treated using a modified acetolysis method with hydrofluoric acid
(HF) treatment (Faegri and Iversen, 1989; Moore et al., 1991). The

http://www.calpal-online.de/)
http://www.calpal.de/wp/?page_id=5%22CalPal2007_HULU)
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158 J. Hošek et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 396 (2014) 155–172
extracted microfossils were lightly stained with 0.3% safranin and
mounted in a liquid glycerol–water (1:1) mixture. For pollen identifica-
tion, the following keys were used besides a reference collection: Faegri
and Iversen (1989), Moore et al. (1991), Punt (1976–1996) and Beug
(2004). Pollen nomenclature follows the local pollen database PALYCZ
(http://botany.natur.cuni.cz/palycz/). Algae and other microfossils were
identified with the help of publications of Van Geel et al. (1981, 1983,
1989), Jankovská (1983), and Jankovská and Komárek (2001, 1982).
Table 1
Radiocarbon dating from Švarcenberk Lake sediments (all AMS).

Lab. code Profile, depth Type of material

LuA-4588 CP, 150–153 cm Woody stem fragmen
LuA-4589 CP, 324–327 cm Trapa natans nut
LuA-4590 CP, 390–393 cm Woody stem fragmen
LuA-4591 CP, 520–523 cm Bulk gyttja sample
LuA-4738 CP, 680–683 cm Alkali-soluble fraction

from gyttja
LuA-4737 CP, 985–995 cm Salix twigs
Poz-29404 LP, 190–191 cm Trapa natans nut
Poz-34211 LP, 268–270 cm Twigs
Poz-29405 LP, 307–309 cm Seeds of water plants
Poz-29406 LP, 437–438 cm Twigs
The lowermost Late Glacial sediments contained lots of reworked
Tertiary pollen. Fortunately, its state of preservation was relatively
poor, giving reworked pollen grains a ‘ghosty’ appearance. It has been
assumed that different degrees of fossilization resulted in different
chemical composition and physical properties of the exine. Considering
this assumption, a simplemethodwas developed to test the Tertiary or-
igin of pollen grains: pollen samples, already stained by 0.3% safranin,
were bleached in 40% ethanol for one minute. They were then
Conventional 14C age Cal BP

t 4650 ± 100 BP 5170 (68%); 5512
6350 ± 100 BP 7172 (68%); 7384

t 9640 ± 115 BP 10,801 (68%); 11,147
10,780 ± 115 BP 12,654 (68%); 12,877
11,750 ± 120 BP 13,464 (68%); 13,813

12,800 ± 120 BP 14,943 (68%); 15,617
6360 ± 40 BP 7266 (68%); 7367
9040 ± 50 BP 10,191 (68%); 10,238
10,870 ± 50 BP 12,755 (68%); 12,920
11,820 ± 60 BP 13,599 (68%); 13,860

http://botany.natur.cuni.cz/palycz/)
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centrifuged and transferred to glycerol–watermountingmedium again.
As the result of this procedure, all pollen grains were bleached to a
different degree, but the Tertiary ones became almost completely
transparent and hence easily separable from Quaternary ones.

In pollen diagrams, percentage valueswere calculated on the basis of
the AP + NAP pollen sum, excluding all aquatic and wetland taxa. The
concentration of reworked Tertiary pollen grains was established
relative to the above-described Quaternary upland pollen sum. Pollen
diagrams were first zoned visually, on the basis of both presence and
abundance of taxa. Precise zone boundaries were identified using
cluster analysis with CONISS (Grimm, 1987).

4.4. Plant macrofossils

After subsampling the littoral core (LP) for all other analyses, the
remaining material was used for macrofossil analysis. Contiguous
samples 10 cm long were cut, and the volume of each was determined.
Macrofossils were wet-sieved with running water. Sieves with mesh
sizes of 200, 300 and 700 μm were used. The residues were examined
under a dissecting stereomicroscope. The absolute number of individ-
uals was recalculated to a standard volume of 65 cm3 of fresh sediment
(i.e. the minimum volume encountered among samples). For determi-
nation of the seeds/fruits a reference collection (Faculty of Science,
Charles University in Prague, CZ) was used.

4.5. Chironomid stratigraphy

Chironomid data used in this study include 25 samples from the
central core CP. Sediment samples were deflocculated for 1–2 h in
H2O (70 °C), then passed through 233 μm and 85 μm sieves. The
Chironomid remains were hand sorted under a stereomicroscope. The
head capsules were slide-mounted ventral side up in Berlese solution,
and identified with reference to Brooks et al. (2007), Kowalyk (1985)
and Rieradevall and Brooks (2001).

Specimens that consisted of a right half, or more than half, of the
mentum were enumerated as one head capsule. Fragments that
consisted of the left half or of less than a half of the mentum were ex-
cluded. The majority of identifications were made to the genus level,
and in rare cases to the species level. After separation, the sediments
were dried to a constant weight at 120 °C, and the number of Chirono-
mid remainswas calculated per 10 g of dry sediment. Zones, defined by
major changes in chironomid assemblage composition, were identified
using cluster analysis with CONISS (Grimm, 1987). Correspondence
analysis (CA)was used to assess the trajectory of chironomid communi-
ty development. All ordinations were performed using the program C2
(Juggins, 2007) with log10 (x + 1)-transformation of species data.
Only taxa that were found at ≥25% samples were included in the
analysis.

Selected Chironomid taxa were divided into three ecological catego-
ries: according to temperature (cold-, temperate-, and warm-optimal),
trophic status (oligotrophic, oligo-mesotrophic, mesotrophic, meso-
eutrophic, eutrophic), and bathymetric distribution (profundal, littoral)
according to Brooks et al., 2007.

Pollen, plant macrofossil and Chironomid diagrams were drawn
using the TGView 2.0.2 program (Grimm, 2004).

4.6. Mineral magnetic measurements

Rock-magnetic investigations were carried out to characterize
changes in the erosion andweathering processes in the lake catchment.
These processes are recorded as changes in the concentration, mineral-
ogy and grain size of remanence-carrying minerals of the alochtonous
components of the lake sediment.

The LP core (464 cm length) was subsampled continuously using
plastic cubes with an inner volume of 6.7 cm3. The distance between
each boxwas less than 0.5 cm. All magnetic measurements were carried
out in the Paleomagnetic laboratory of the Institute of Geology, Academy
of Sciences of the Czech Republic, v.v.i. All the samples were measured
formagnetic susceptibility (MS), while remanentmagnetism (RM)mea-
surements were carried out on every second sample of the section
464–180 cm of the core. MS was measured with a kappabridge KLY-3
(AGICO s.r.o.), in a weak magnetic field with frequency 875 kHz and
was given as normalized as mass specific susceptibility — χ (m3/kg−1).
The low-field magnetic susceptibility depends on the concentration of
magnetic (especially ferromagnetic s.l.) minerals, and their grain-size.
The signal can be reduced by the presence of diamagnetic material
(e.g. organic matter, SiO2, CaCO3).

Anhysteretic remanent magnetisation (ARM) was measured
using a demagnetizer LDA-3 with AMU 1A. The samples were
imparted in a DC field 0.05 mT, superimposed on an alternating
field of 100 mT. Higher ARM values indicate the presence of fine
grained single-domain (SD) grains in the sediment. Natural rema-
nent magnetization (NRM) was measured on a Superconducting
Rock Magnetometer (2G Enterprises). This parameter indicates the
presence of ferrimagnetic (e.g. magnetite) and antiferrimagnetic
minerals (e.g. hematite, goethite). NRM is not influenced by the
presence of diamagnetic material. Values of saturated isothermal
remanent magnetization (SIRM) were imparted with a MMPM 10
pulse magnetizer using a field of 1 T and then back field remanence
measurements at 300 mT. The SIRM mainly reflects the presence of
smaller (b10 μm) magnetite grains.

The S-ratiowas calculated as SIRM300 mT/SIRM. The S-ratio reflects
the proportion of low-to-high-coercivity minerals in a sample. Values
close to 1 denote the dominance of low-coercivityminerals likemagne-
titewhile higher values denote the presence of high-coercivityminerals
(e.g. hematite, goethite).

Magnetic values are presented without units in the text. For MS the
units are 10−9 m3/kg, for ARM and NRM 10−6 A/m, and in the case of
SIRM it is 10−3 A/m.
4.7. LOI and TOC

The percentage of organic material in the sediment of the LP core
was determined by Loss on Ignition (LOI). Material from magnetic
boxes of the interval 464–213 cm was used for measurements. LOI
was calculated as the difference in weight between the sediment
dried at 60 °C and the ash created following ignition at 550 °C within
a high temperature muffle furnace (Heiri et al., 2001). The CP core
was sampled each 10 cm for measurement of total organic carbon
(TOC), following standard techniques (after Hammarlund and
Buchardt, 1996). TOC content was calculated from the difference
between total carbon and carbonate carbon. Results of organic matter
content bring us information about the biomass of the lake, extent
of vegetation cover and degree of soil development in the lake
catchments.
4.8. Rb content and grain size analyses

After removing organic matter, the core CP was analyzed by X-ray
fluorescence (XRF), sampling interval of 10 cm, and the core LP by
inductively-coupled plasma mass spectroscopy (ICP-MS); sampling
interval the same as that for LOI measurements. The detection
limit of both methods is approximately 4 ppm and the results are
calculated in mg/kg. The Rb concentration in the sediment was
used for the reconstruction of weathering and erosion intensity
(see Section 6).

The same samples as for the LOI and Rbmeasurement were used for
grain size analyses in the core LP. Particle size was analyzedwith a laser
size analyzer CILAS 1190 LD, after standard preparation procedures
(Syvitski, 1991).
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5. Results

5.1. Instrumental analysis of the LP core

5.1.1. Magneto-mineralogical analysis, grain size and LOI
The results of instrumental analyses of the LP core are summarized

in Figs. 5 and 6. In general, the magnetic characteristics show a
distinct correlation to the lithological characteristics of the respective
horizon. The highest values correspond with sandy silt sediment
(464–438 cm) and with coarse organic detritus gyttja (302–320 cm).
Minimal values (negative susceptibility) were measured in the layer
with clayey peat and in the lingo-herbaceous peat above 180 cm.

The dominant magnetic mineral in the sediment was magnetite, as
suggested by the SIRM and S-ratio results. The S-ratio (mostly ≥0.9)
suggests only small variations, which was interpreted to indicate a
uniform magnetite assemblage (Maher, 1988; Peters and Dekkers,
2003). For the S-ratio 0.4 (sample 354 cm) are likely to be dominated
by a high coercivity (antiferromagnetic) fraction. A positive correlation
of susceptibility with SIRM suggests a dominance of magnetite in
the profile too. A higher content of organic matter, and eventually a
presence of sand grains (diamagnetic quartz and feldspar grains)
could cause lower values of MS.

On the basis of MS and RM fluctuation it is possible to identify four
major units in the core, corresponding with the core's regional pollen
zones (see Fig. 5). As pollen zones were determined based on upland
pollen taxa only (i.e. based on vegetation events in the catchment
outside the lacustrine environment), these close correlations confirm
the high interpretative meaning of instrumental analyses in respect to
events in the catchment.

In the following text magnetic results are described together with
LOI results, macro- (micro-) petrographic characteristics of the sedi-
ment and the laser grain-size record (percentage of clay–silt–sand
fraction).

5.1.1.1. Unit 1 (464–438 cm). In this section, a relatively high content of
the fine-grained (sub-angular) sand is typical (clay ~ 9%, silt 80–88%,
sand 5–13%). Mineral components consist mainly of well-worked
quartz and feldspars and accessory mica. Porifera SiO2 sclerites are
present. Organic detritus is represented by 3%. This unit is generally
characterized by high values of MS and RM, χ gradually increasing
from the bottomof the unit (37.1) to 438 cm(50.1). Values of remanent
magnetization are more than an order of magnitude higher in compar-
ison with the overlying unit. ARM increases relatively linear from 53.6
to 256.2 (maximum value of the core), NRM from 12.8 to 37.9 and
SIRM from 9.2 to 72.5

5.1.1.2. Unit 2 (440–345 cm). The relatively high content of organic mat-
ter is typical for this unit. In the sand fraction, subangular grains of
quartz and elongated reworked clasts of feldspars prevail. The highest
sand concentration is at the bottom of the unit (~4%) where a silty/
clayey peat with sand and wooden pieces (437–405 cm) is recorded.
The content of sclerites is relatively high (~1%, 200–400 μm long).
This layer has probably accumulated after erosion during a low water
level. It suggests a high organic matter content (LOI up to 60%) and rel-
atively high amount (up to 2%) of coarser quartz grains (N500 μm). The
presence of organicmatter and quartz grains significantly degreases the
magnetic susceptibility and marks a sharp border with the underlying
unit. χ decreases to negative values of about −4. ARM as well as NRM
values are close to 0 A/m. In the overlying part (402–392 cm) a sharp
decrease in organic matter content (35–42%) is apparent and a relative-
ly rapid increase in χ (from −2.7 up to 14.2) and RM values. The part
390–353 cm is characterized by a continuous increase in magnetic
values and higher content of organic matter (LOI about 40%). The
increase is better seen on the values of NRM and SIRM which are not
affected by the presence of diamagnetic organic material such as MS.
5.1.1.3. Unit 3 (353–270 cm). A relatively rapid increase in all magnetic
values (more than twice as high in comparison with Unit 2) and a
rapid decrease of organic matter content (LOI about 20–25%) is charac-
teristic for this unit. Maximummagnetic values are concentrated in the
part where gyttja with coarse detritus had accumulated (326–305 cm
with maxima at 310 cm). χ increases from 19.8 to 56.1, ARM from
31.8 to 145.3 ∗ 10−6 A/m, NRM from 22.3 to 51 (maximum at
315 cm) and SIRM from 12.7 to 80.9. A relatively higher content of
organic matter is apparent in this layer (about 35%). The decrease in
magnetic values and organic matter content in the overlying part
could be caused by the high content of the sand fraction (up to 10%).
In the coarse fraction sub-angular quartz grains prevail, 125–700 μm
in diameter. On the top of Unit 3 (270 cm) is a 2-cm thick layer of
very fine perfectly-sorted sand accumulated (fraction ~ 200 μm). On
the basis of a microscope study this layer was correlated with material
from CP where 5 similar layers accumulated during YD (see Fig. 4).
Pokorný and Růžičková (2000) interpreted this material as aeolian
sand. This layer has a relatively high magnetic signal.

5.1.1.4. Unit 4 (270–0 cm). In the sediment from the upper part a gradual
decrease in magnetic susceptibility and SIRM values begins. χ falls from
29.2 to −8, and SIRM from 30.2 to 0.3in the horizon 270–185 cm. This
could be caused by a decline in the amount of magnetite together with
an increased presence of larger quartz grains (125–1100 μm in diame-
ter, up to 9%) and a rapid increase in the content of organic detritus,
mainly in the dark silty peat (from 20 to 60%). ARM and NRM have
relatively stable values of about 18, and 8, respectively. Nevertheless,
several events of short-term increases in magnetic signal disturb
these trends. The most significant event is recorded in the horizon
215–186 cm. In the part above this unit, lingo-herbaceus peat is record-
ed. Due to the presence of a high organic matter content very low
(negative)magnetic susceptibility valuesweremeasured from this part.

5.1.2. Rubidium concentrations
Rubidium concentration results are shown in Fig. 6. The variation in

pattern in the content of rubidium throughout core LP corresponds to
magnetic units and PAZ pollen zones (Fig. 6.). The highest values were
measured in Unit 1 (up to 135 ppm). The overlaying unit (2) is general-
ly characterized by low values (20–50 ppm). Nevertheless, a significant
increase is recorded in this unit in the horizon 405–388 cm (up to
105 ppm). A further increase is also apparent in Unit 3 where the
respective Rb values vary around 120 ppm (decreasing to 90 ppm in
the horizon 315–308 cm). The upper part of the sediment (Unit 4) is
characterized by a significant and rapid decrease in Rb content down
to a minimum of 4 ppm (at 224 cm). A relatively higher content was
measured in the horizon 265–258 cm (about 50 ppm). Rb concentra-
tion closely correlates negatively with the organic matter content
throughout the whole core.

A comparison of the Rb content from the LP core and the CP core is
given in Fig. 11. A very similar trend between the LP and CP cores is
apparent. The results of the Rb content were used for the correlation
of both profiles (LP and CP; Fig. 11) and for drawing up paleoclimatic
implications (see Section 6).

5.2. Pollen and plant macrofossils

5.2.1. The littoral core (LP; Figs. 7 and 8)
An analysis ofmacrofossils always leads to amore precise taxonomic

identification of plants compared with pollen analysis. Of course, infor-
mation obtained in this way has a different interpretative value as the
macrofossil content of lake sediment is highly local in character. Thus
independent zonation for pollen (LP) and plant macrofossils (mLP)
was made.

In the pollen zone LP-1 (425–355 cm), high pollen values
are reached among plants indicative of steppe–tundra vegetation
(Alnus viridis, Betula nana, Dryas octopetela, Artemisia, Chenopodiaceae,



Fig. 4. Age–depth model and litostratigraphy of the cores LP and CP.
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Helianthemum). The presence of Betula nana and Betula humilis in
themacrofossil record has been confirmed for the oldest period of accu-
mulation (radiocarbon-dated to 11,820 ± 60 BP; see also high Betula
alba-type and B. nana pollen maxima). These results point to severe
climatic conditions, the absence of well-developed soils, and an open,
mostly treeless vegetation, steppe- and tundra-like in character. The
local presence of scattered pine and birch trees is likely. In the same
period, most of the finds point to a relatively low water level status;
macrofossils of aquatic taxa are virtually absent in the LP-1 zone.
That is suggested also by the plant macrofossil record (mLP-1;
450–410 cm) where the presence of shoreline heliophilous plants
(Lemna sp., Hippuris vulgaris and Ranunculus flammula) indicate a
muddy substrate near the margin of water-body.

The change towards a relatively higher water level came with the
start of the macrofossil subzone mLP-2a (410–320 cm). That is indicat-
ed by the presence of diverse aquatic flora e.g. Ceratophyllum demersum,
Myriophyllum spicatum, Potamogeton filiformis. Also fish remains —

scales of perch (Perca fluviatilis) are present in this level. Macrofossil
subzone mLP-2b (320–300 cm) is characterized by the presence of tall
sedges and reed vegetation (Carex acutiformis, Typha, Poaceae) that
points to a sudden decline of the water level. This clearly corresponds
with the lithological change (from fine- to coarse-detritus gyttja).
In the overlying zone mLP-2c (300–280 cm) the occurrence of
Charophytes (Chara sp. and Nitella sp.) deserves a special mention as
they indicate some change in conditions, connected most probably
with the increase in the input of eroded inorganic material (sand and
silt) to the lake and with a carbonaceous environment. This last find is
in sharp contrast with present-day conditions in the area under study,
for most soils are leached, highly acidic, and almost completely lacking
calcium carbonate.

In the pollen zone LP-2 (355–280 cm) Betula alba-type pollen de-
clineswhile Juniperus and Artemisia reach theirmaxima. The occurrence
of Tertiary palynomorphs as indicators of erosion is also highest in this
zone. A strong change in the aquatic environment took place: Ranunculus
Subgen. Batrachium and Myriophyllum spicatum became dominant
among macrophytes. Among planctonic algae, a prominent change
from Tetraedron- and Pediastrum-dominated communities to
Scenedesmus-dominated ones took place at the lower boundary of
the zone. All the aforementioned changes point to climatically less-
favorable conditions when compared with the adjoining zones lying
above and below.

The extremely sharp (compared with the CP core pollen record; see
below) LP-2 to LP-3 transition at the depth 280 cm is probably caused
by the presence of a long sedimentary hiatus. Most prominent in this
zone boundary is a sharp decline in most herbs and shrubs, often to
zero values. In the aquatic environment the change in the taxa repre-
sented is also extremely sudden. The occurrence of Pediastrum simplex
var. simplex points to warm water conditions (Komárek and
Jankovská, 2001) during the time of LP-3 zone sedimentation. The de-
cline in Pinus and rise in Picea abies and broadleaf thermophylous
trees is the main feature of the LP-3 zone. Its upper boundary has
been delimited by the disappearance of open water indicators. Within
the LP-3 zone (280–180 cm) climatically-demanding aquatic macro-
phytes developed (most prominently Trapa natans). The position of
the studied section in close proximity to the lake shore is reflected in
the common occurrence of many marsh plant taxa, including several
eutrophic ones. The common presence of Urtica dioica seeds in this
zone deserves special note as its occurrence is correlated with an in-
creased presence of charcoal particles and with archeological evidence
of local Mesolithic occupation (Pokorný et al., 2010). Inmacrofossil sub-
zone mLP-3a (280–250) Chara was dominant. This was related to the
deposition of sand in the sediment. In depths of 250–180 cm (subzone
mLP-3b) the presence of aquatic plants (e.g. Trapa natans, Nymphaea
alba) and littoral plants (e.g. Carex pseoudocyperus, Typha sp., Poaceae)
indicates terrestralization of the lake. That clearly corresponds with a
change in lithology (coarse gyttja deposition).



Fig. 5. Results of the mineral-magnetic and grain size analyses of the core LP together with local pollen and macrofossils assemblage zones.
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The transition from LP-3 to LP-4 pollen zones at the depth of
180 cm roughly corresponds with macrofossil zones mLP-3 to
mLP-4. That is marked by the disappearance of aquatic taxa and
the development of alder carr (see the occurrence of Alnus glutinosa
macrofossils).

The low frequency of macrofossils in the zone mLP-5 (70–20 cm)
probably relates to the decomposition that took place after peat extrac-
tion that was documented for the turn of the 17th and 18thcenturies.
Macrofossil zone mLP-6 at depths of 0–20 cm was distinguished due
to the occurrence ofwater (Chara sp.,Nitella sp., Cladocera) andwetland
taxa (e.g. Juncus cf. bulbosus, Ranunculus flammula). This way, the
existence of the fishpond (known historically to be constructed in the
turn of 17th and 18th centuries) is indicated.
Fig. 6. LOI, Rb content, magnetic susceptibility and concentration of Tertiary pollen and heli
(Stuiver et al., 1995).
5.2.2. The central core (CP; Fig. 9)
The results of the pollen analyses from both profiles (LP and CP)

showmany similarities. Nevertheless in comparison with the pollen re-
cord of LP, the central profile CP record ismore complex, reaches deeper
(in terms of chronology) and is more likely to be complete (i.e. lacks the
evidence for sedimentation hiatuses). The results of pollen analyses
from CP has been described in Pokorný (2002), therefore we only very
briefly recapitulate the most important features of the pollen record
here, using integrative pollen zonation.

5.2.2.1. Zone CP-1. Absolute pollen concentrations in the deepest
sediments of the lake-basin center are relatively low – if compared
with the above-lying ones – suggesting high accumulation rates. The
ophilous vegetation from the core LP correlated with the GISP2 oxygen isotope record



Fig. 7. Percentage pollen diagram of the LP core. Selected taxa of trees, shrubs, herbs and aquatic plants are presented. LPAZ— local pollen assemblage zones.
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zone is characterized by high (but gradually decreasing) NAP values,
suggesting open herbaceous vegetation. Gramineae, Chenopodiaceae,
Betula nana, Alnus viridis, Salix, Thalictrum, and Artemisia formed
steppe–tundra vegetation. Pinus values rise from35 to 55%,while Betula
alba-type values do not exceed 5%. Helianthemum is indicative of a bare,
calcareous substratum (Hoek, 1997). The pollen of submerged water
plants is virtually absent.

5.2.2.2. Zone CP-2. This zone is characterized by a local Pinus maximum
and a relative decrease in some heliophylous dwarf shrubs and herbs
(Alnus viridis, Salix, Artemisia, Thalictrum, Helianthemum). Apparently,
pine became a successful competitor for light with the heliophylous veg-
etation (the local presence of pine is confirmed also by thefinding of Pinus
stomata.) Nevertheless, Gramineae, Chenopodiaceae, Alnus viridis, Salix,
Thalictrum, Artemisia, and Betula nanawere still important components
in the vegetation. The Betula alba-type pollen curve is continuous during
the entire zone, but still too low (under 5%) to suggest the local occur-
rence of birch trees. Absolute pollen concentrations in the sediment are
still low during this zone. The increased content of reworked Tertiary
palynomorphs point to increased erosion of Tertiary bedrock.

5.2.2.3. Zone CP-3. The decline of pine and new expansion of
heliophyllous herbs in this zone can be interpreted as indication of
some strong, but brief, cooling. In the upper half of the CP-3 zone, a
new pine expansion predates the transition to CP-4.

5.2.2.4. Zone CP-4. This prominent zone starts with a rise in Salix pollen
percentages, followed by a clear Betula alba-type increase. Salix proba-
bly formed the shrub belt in front of the expanding birch forest-line
(similar to that observed by Gaillard, 1985; Hoek, 1997), so high values
of Salix are observed in advance of a Betula alba-type expansion. In the
secondhalf of the zone, birch trees became dominant in the pollen spec-
tra instead of Pinus. This assemblage reflects the development of open
boreal birch woodland with some dispersed pine trees. The lower
limit for a mean July temperature needed for tree birch colonization is
usually taken as 10 °C, but 12 °C is the optimum for the development
of birch woodlands (Birks, 1993). The open character of the forest can
be inferred from the pollen diagram, for most of the heliophylous
herbs typical for steppe and tundra communities are still abundant. In
the aquatic environment, an abrupt warming period caused the expan-
sion of submerged macrophytes, including the relatively-demanding
(thermophylous) Ceratophyllum demersum, which appears for the first
time in this zone. The amount of reworked Tertiary palynomorphs
decreases, thus indicating a diminished rate of erosion.

5.2.2.5. Zone CP-5. The basal pollen spectrum of this zone coincides with
a strong decrease in the Betula alba-type from 40% to about 20% and a
new increase in Pinus up to values of about 60%. The forest cover became
still more closed, as reflected by a decrease in all open-communities in-
dicators (and AP around 90%, i.e. similar to values in the Holocene).
Helianthemum and the Plantago maritima-type disappeared completely.
The presence ofNupharpoints tominimum July temperatures of at least
12 °C (Huizer and Izarin, 1997). Ceratophyllum demersum became
the dominant submerged aquatic (The decline of other aquatic macro-
phytes is probably the result of competition with the two aquatic
taxa just mentioned.). The virtual absence of reworked Tertiary
palynomorphs points to only minimum erosion.

5.2.2.6. Zone CP-6. The values of theBetula alba-type remain low (around
20%), whereas Pinus percentages are generally the same compared
to those of the preceding zone. Alnus viridis, Salix, Betula nana,
Chenopodiaceae, and Artemisia values increase again, suggesting a
new cooling period and an opening up of forest cover. An even more
prominent increase is recorded in the Juniperus curve. Vegetation
change reflecting cooling period is also recorded within the lake: values
for Ceratophyllum basal nut spines decrease and Nuphar pollen is even
completely lacking in favor of a massive occurrence of Myriophyllum
verticillatum and Ranunculus subgen. Batrachium. Increased erosion is
indicated by an increased content of reworked Tertiary palynomorphs.

5.2.2.7. Zone CP-7. This zone is characterized by a gradual decrease in all
NAP taxa, especially Alnus viridis, Betula nana, Chenopodiaceae, and



Fig. 8. Late-Glacial and Early-Holocene macrofossil diagram of the LP profile. LMAZ— local macrofossils assemblage zones.
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Artemisia among the most important. At the same time, Betula and
Populus percentages rise (Populus tremula may have been favored as a
pioneer tree in areas that were left open during the preceding period;
Ammann et al., 1994). Alnus viridis and Betula nana, themost character-
istic tundra elements surviving from the preceding zone,were gradually
outcompeted by expanding forests, and their pollen values fall finally to
zero. As in the preceding period, pine was still dominant in the regional
forest cover.
Fig. 9. Late-Glacial and Early-Holocene percentage pollen diagram of the CP. Selected taxa of tre
5.2.2.8. Zone CP-8. Boreal forest dominated by birch trees was gradu-
ally replaced by mixed deciduous forest during this zone. The pollen
curve of Pinus, hitherto very high, started to decrease as a result of
competition with deciduous trees even on poor substrates, where
soils had developed since the beginning of the Holocene. Picea
expansion took place in the same period. Afforestation reached its
maximum by the upper limit of the zone. Terrestrialization of the
lake culminated at the same point (The disappearance of aquatic
es, shrubs, herbs and aquatic plants are presented. LPAZ— local pollen assemblage zones.
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taxa has been used here as a criterion for delimitation of the upper
zone boundary.)

5.2.2.9. Zones CP-9. Mixed deciduous forest has been partially replaced
by coniferous stands, first by Picea, then also by Abies. Afforestation of
the region was almost absolute (see AP values higher than 90% and
curves of most herbs falling to zero). Lake terrestrialization has been
completed in this zone as indicated by the sudden decline in all aquatic
taxa.

5.3. Chironomid stratigraphy (Fig. 10)

Among the 6246 counted specimens, 68 chironomid genus or spe-
cies morphotype were identified. Three major zones and two subzones
were distinguished by cluster analysis of the assemblages. In Fig. 10 only
the chironomid taxa discussed in Section 6 are shown.

5.3.1. Zone CP Ch-1
The first colonizers of the lake include mainly Procladius,

Chironomus anthracinus, C. plumosus, Corynocera oliveri, Paratanytarsus
and Tanytarsus lugens. The relative abundance ofMicrotendipes pedellus
increased and peaked at 30% around 920 cm, while in the upper part it
declined. Other taxa were found only sporadically. The zone ended
with the disappearance of Corynocera oliveri, Stictochironomus and
Protanypus. This chironomid zone roughly corresponds with pollen
zones CP-1, CP-2 and CP-3.

5.3.2. Zone CP Ch-2
The zone is dominated by Polypedilum and Corynocera ambigua.

Subzone Ch2a was marked by a rise of Polypedilum (14–25%) and a
continuous increase of C. ambigua (10–65%). Chironomus anthracinus
and Chironomus plumosuswere also common. This chironomid subzone
correspondswith pollen zones CP-4 and CP-5. The start of subzoneCh2b
was characterized by a temporary sharp fall in the relative abundance of
Corynocera ambigua. Nevertheless, this taxon rose towards of the rest of
the subzone. The subzone was also defined by slight declines in
Polypedilum and Chironomus species. Microtendipes pedellus increased
with the peak around 590 cm (42%). However, at the upper part of
the subzone this taxon finally disappeared. Dicrotendipes, Polypedilum
and Corynocera ambigua made a brief rise at the end of the zone.
Orthocladiinae were also present in low numbers. Relative abundance
in littoral taxa was present at the highest percentages (up to nearly
80%). This chironomid subzone corresponds with pollen zone CP-6.

5.3.3. Zone CP Ch-3
The major change in the fauna was represented by the increase

in Chironomini (50–N90%) and the decrease of Tanytarsini (40–7%).
Fig. 10. Chironomid assemblage diagram from the CP core s
Oligotrophic taxa were absent in this zone and cold-adapted taxa, and
temperate-adapted taxa and mesotrophic taxa were present only
sporadically. The zone was dominated by Chironomus plumosus, but
Einfeldia, Glyptotendipes and Tanytarsus were also common. Other taxa
were found in very low percentages. This Chironomid zone corresponds
with pollen zones CP-7 and CP-8.

5.4. Correlation between central (CP) and littoral (LP) cores

Pollen analyses of the littoral core (LP; Fig. 7) show amuch less com-
plex picture when compared with the central core (CP). This is due to
less temporal resolution and due to its less continuous sedimentation
caused by its position near the lake basin margin that makes the littoral
record sensitive to lake level fluctuations (This last mentioned fact can
be taken as an advantage in certain respects, as shown in the discussion
below). To be more specific, the LP record shows indications of a possi-
ble sedimentary hiatus (or sharply decreased sedimentation rate) that
is inferred to be the level of transition between the LP-2 and LP-3 zones.

An attempt to find correlation between both cores was made on a
palynostratigraphic basis, in combination with rubidium concentration
curves and the results of the organic matter content analyses. We also
used the relative concentration of reworked Tertiary pollen in the sedi-
ment as an index of erosion intensity in the lake catchment. The result of
this correlation is shown in Fig. 11. This correlation is a very important
step in our heuristic procedure, as many analyses were performed
only on material recovered in the LP core. This is the case with regard
to the instrumental sedimentological and magnetic analyses which are
a main matter for discussion. Biotic results from the central core CP
are used in this paper mostly as an important source of information
about the regional paleoecological background of the site.

6. Discussion

6.1. Structure of the record, comparing proxy resolutions

Previous studies from the Švarcenberk Lake have been focused on
biotic proxies and have already brought much information about Late
Glacial–Holocene paleoecological development in the study area
(Pokorný and Jankovská, 2000; Pokorný, 2002; Pokorný et al., 2008,
2010). Our main focus in this paper is a confrontation of the abiotic
processes with the biotic ones.

In general we found a good correspondence between erosion-
weathering processes in the lake catchment (mineral-magnetic
enhancement, rubidium content), organic production within the lake
(LOI, TOC, Chironomids record) and density of vegetation cover in the
lake's surroundings (concentration of non-arboreal pollen such as
howing relative abundances and assemblage diversity.



Fig. 11. Correlation of the Alleröd and Younger Dryas chronozones in the core LP and CP based on organic matter, Rb content, Juniperus–Artemisia pollen and relative concentration of
Tertiary pollen.
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Juniperus and Artemisia, plant macrofosils). The various reasons for this
are discussed below and summarized in Figs. 6 and 11.

The difference between themagnetic susceptibility (MS) of the bed-
rock in the catchment (χ ~ 10) and lake sediments (χ up to 55; Fig. 5)
suggests a mineral magnetic enhancement of lake sediment by another
detrital component from the catchment, probably by eroded soils from
the lake catchment.

During pedogenesis, iron-reducing bacteria produces mainly ultra-
fine (superparamagnetic — SP) fractions of magnetite (b0.1 μm). MS
is sensitive to changes in the concentration of coarse-grained as well
as fine-grained magnetic minerals, while ARM values are more respon-
sive to changes in fine-grained magnetic minerals (mostly magnetite),
but less sensitive to variations in coarse-grained (King et al., 1982).
The high similarity of the MS and ARM record therefore indicates an
increase in the influx of fine-grained mineral assemblages typical for
soil horizons.

A positive correlation of MS with the heliophilous vegetation (such
as Artemisia and Juniperus) (Fig. 6) supports the interpretation of the
magnetic record as a proxy for the flux of detrital material from the
catchment: weathering and soil development are linked with more
favorable climatic conditions, while cooling leads to defragmentation
of the vegetation cover, increased erosion and limited pedogenesis
processes.

A number of papers have already shown that MS maxima may re-
flect intense detrital inputs in response to climate cooling and changes
in vegetation cover during the Late Glacial and the Holocene (Dearing
and Flower, 1982; Thouveny et al., 1994) or forest clearings and land
use history (Zolitschka et al., 2003), while warmer climates with a
higher surface cohesion have led to decreasing trends in erosional
processes, causing less minerogenic deposition. Additionally, higher
organic production within a lake during warmer periods leads to low
magnetic susceptibilities, because the organic matter is diamagnetic.
On the basis of this syllogism, it is possible to use magnetic results as
good proxy indicator of environmental changes and to interpret the
units of the LP core as individual climatostratigraphic substages of
the period. In this sense, the magnetic signal record from the LP core
corresponds with the records from several other Late Glacial lacustrine
sites in Europe (e.g. Day, 1996; Nolan et al., 1999; Stockhausen and
Zolitschka, 1999) and these have proved to be a useful tool for the
detection of environmental changes in the catchment.

The high similarity betweenmagnetic parameters and Rb concentra-
tion (Fig. 6) demonstrates that these parameters recorded similar envi-
ronmental changes. Thismay be caused by the fact that both parameters
are sensitive to the erosion-weathering processes in the catchment. Ru-
bidium generally coexists with K in K-rich minerals, such as K-feldspar.
This element is unaffected by sediment diagenesis and by concentra-
tions of Fe and Mn oxi-hydroxides. Even in highly organic sediments,
the minuscule mineral fraction may be responsible for most of the Rb
fixation. This is consistent with the aluminosilicate affiliation of ele-
ments. Rb is strongly retained in theweathering zone due to adsorption
or exchange onto clay minerals (e.g. vermiculite) and may not be
removed until extensive K-feldspar alteration occurs (Nesbitt et al.,
1980). Rubidium fixation in soil is a tracer of the transformation process
affecting the 2:1 clayminerals in the acid brown earth-podsweathering
sequence: kaolinite, illite, chlorite, vermiculite and smectite (Herbauts,
1982; Ross et al., 1989). Duringwarmer periods, the surfaceweathering
zone (including soils and weathered bedrock) is more widespread and
mobility of Rb in the lake catchment is decreased. Therefore Rb
content in lake sediments will be low due to the bonding of Rb to
more strongly-weathered clay-like minerals in the catchment. As the
climate deteriorates and the landscape begins to bemore unstable, ero-
sion intensity increases and the surface weathering zone is removed
into the lake basin. As a result, during cold periods, lake sediments are
more or less depleted in Rb depending on the erosion rate and on the
relative intensity and duration of weathering of the previous warmer
period. The variations of Rb concentration observed in the lake sedi-
ment are therefore, as with MS, related to climatic parameters through
pedogenesis (weathering) and erosion rate. Our hypothesis of the climat-
ic control of Rb content in the Švarcenberk Lake record is further support-
ed, similarly to that of the magnetic parameters, by a correlation with
NAP and LOI. In addition, there exists good agreement with the record
of δ18O GISP 2 during the Alleröd and Younger Dryas periods (Fig. 6).
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Rb content in sediment has been used for determination of in-situ
weathering of loess/paleosol sequences (Chen et al., 2000; Buggle et al.,
2009). For lacustrine deposits it has been demonstrated, for example, by
Jin et al. (2006) in mineral and organic-rich Holocene lake sediment.

A good correlation of abiotic proxies with a regional pollen record
(Figs. 5, 6 and 7) implies some sensitivity of the vegetation cover of
the catchment to climatic changes. A strong biotic response could be re-
lated to the position of a site being close to an ecological boundary,
where a critical threshold has been crossed: cooling led to weaker
chemical weathering and in particular deforestation, which caused an
increase in soil erosion dynamics and lower lake productivity.

Nevertheless, while a strong relationship between biotic and abiotic
proxies was found in both cores and correlations between particular
records could be found (Fig. 11), the radiocarbon dates do not support
this cross-core correlation so evidently — the date 11,750 +/− 120
corresponds with the upper part of the Alleröd in the CP core, whilst
in the LP core a very similar date (11,820 +/− 60) was obtained from
the beginning of this period (see Fig. 4). The reason for this shift may
be related with the inwash of older organic carbon detritus, i.e. the
same process as described, for example, by Andrée et al. (1986). The
inwash could be caused by some relatively strong artesian springs that
were found in the study area and also directly in the lake basin (close
to the CP core, see Fig. 1). Considering that the age determination was
made on a bulk sample of the alkali-soluble fraction from gyttja in
core CP, such a means of contamination is possible. From this point of
view, the sample for dating in the LP core should be more reliable,
because it was taken from a macroremain (twig). Furthermore, radio-
carbon dating of the Late Glacial period is a common problem in many
lacustrine sites (Andrée et al., 1986; Lowe and Walker, 2000; Litt et al.,
2001; Pilcher, 2003). Calendar age assessment in the Late Glacial
may be hindered by the existence of periods of constant 14C age, the
so-called ‘radiocarbon plateaus’ that have been identified at around
12.7, 10 and 9.6 kyr 14C BP (Ammann and Lotter, 1989), coinciding
with ocean ventilation/thermohaline circulation changes (Andersen
et al., 2000).

6.2. Late Glacial paleoenvironmental changes in the study area

The complete series of the fine-scaled primary record obtained by
the respective analytical techniques were separately subdivided into
particular units based on the degree of similarity among compared ho-
rizons. In the following text we interpret these units as (inter)stadial
units of the Late Glacial. This interpretation is further supported by
palynostratigraphy and, to a certain degree, by 14C dates.

6.2.1. Pre-Alleröd period (Unit 1 — CP3? Ch1?)
The high magnetic mineral concentrations could be caused by the

high intensity of erosion in the catchment and by the inflow of weath-
ered surface horizons into the lake basin. High ARM and SIRM values
suggest that the unit is rich in ultra-fine, single-domain,magnetic grains
of magnetite. An increased erosion of rock detritus is also suggested by
high Rb values. With respect to radiocarbon measurements from the
upper layer (437 cm, 11820 +/− 60 BP, i.e. 13835–13452 cal. yrs. BP),
we date this period before the Alleröd. The results denote the presence
of well-developed soils in the catchment during the Bölling interstadial.
A significant enrichment of the colluvial sediment by pedogenetic
magnetite is probable, because the MS signal of bedrock sediment is
very low (5–12) in comparison with this unit. The same process of soil
development is also recorded in lowland loess plateaus of Central
Europe. Loess formation, which is characteristic of the late Pleniglacial,
generally terminates during the Bölling phase, and initial pedogenesis
takes place during that time (Ložek and Cílek, 1995).

This unit is sharply separated from the upper one. This could be the
result of an erosion of the upper part of this unit, causing some sedimen-
tary hiatus. This event is recorded in the decreasingmagnetic values and
Rb concentrations.
6.2.2. Alleröd (Unit 2-LP1-CP4,5 — Ch2a)
The basal layer of this unit – a clayey peat with wooden pieces

(437–405 cm) – probably started to accumulate after the exposure of
the littoral and the following erosion event. The sediment has accumu-
lated close to the lake shore under lower water level conditions. This is
suggested by the lithological record (clayey peat) and by thepresence of
tree and shrub macrofossils (especially Betula nana and Betula humilis).
On the basis of the radiocarbon date 11,820 +/− 60 yrs BP obtained
from the bottom of this layer, it is possible to assign the unit into
the Alleröd chronozone. Fine-grain gyttja, deposited above the layer, in-
dicates the lake level rising and increasing humidity during the second
part of the Alleröd interstadial.

That is supported also by macrofossil records (Fig. 8) where aquatic
flora (e.g. Ceratophyllum demersum,Myriophyllum spicatum, Potamogeton
filiformis) is present. The slightly increasing trend in magnetic values
during the Alleröd (Fig. 5) could be caused by an acceleration of pedo-
genetic processes in the catchment. A stratigraphic investigation of
the “Vlkovský přesyp” aeolian sand dune (situated some 3 km NW
from the coring site; see Fig. 1) has revealed fossil soil buried under
more than 5 mof aeolian sands. A distinctive layer of pine charcoal frag-
ments buried with this soil has been dated to 11,260 +/− 120 BP
(Pokorný and Jankovská, 2000). This find resembles conditions in the
Netherlands, where the “Usselo soil layer” formed during the Alleröd
period with an average date around 11,000 BP (Hoek, 1997). Early soil
formation during the Late Glacial Interstadials is supposed also e.g. for
the Swiss Plateau (Ammann et al., 1994, 2013).

The formation of soils during the Alleröd period required stable
climatic conditions with less aeolian activity and relatively dense vege-
tation cover. The catchment of the Švarcenberk Lake was covered by
Pinus dominated forest, which then becamemore closed, as is reflected
by a decrease in all open-community indicators in the pollen spectra
(Figs. 7, 8 and 9). Woodland cover helped prevent surface washes and
slope processes. Considering this, it is no surprise that during the
Alleröd a low erosion intensity and chemical weathering dominated in
the lake catchment and Rb was fixed in the weathering horizons, lead-
ing to a diminished Rb content of mineral material prior to its erosive
removal and sedimentation in the lake basin (Fig. 6). The topsoil with
SP and SDmagnetic grains was washed to the lake basin, but the inten-
sity and depth of erosion was generally weak, and the magnetic values
of the sediment are not high (Fig. 5). Also the Chironomid assemblage
from core CP indicates that conditions in the lake remained relatively
warmandmesotrophic during this period (Fig. 10). The climatic amelio-
ration caused a population increase of Polypedilum and Corynocera
ambigua as indicators of the temperate conditions. Nowadays, these
taxa are broadly distributed along a temperature gradient (mean July
air temperature ranging from 8.1 °C to N14 °C) in northern Sweden,
Finland and Canada (Walker and MacDonald, 1995; Simola et al.,
1996; Larocque et al., 2001). At the same time, Cladopelma appears in
the record, indicating a July temperature ranging from 12.1 to N14 °C
(Larocque et al., 2001). The relative high abundance of Chironomus
spp. may also suggest an increase in temperature and higher content
of nutrients.

6.2.3. Gerzensee oscillation
If the Alleröd period seems to be climatically favorable, in the

horizon 402–392 cm of LP, a significant increase in Rb content, together
with a higher magnetic susceptibility and reworked Tertiary pollen
concentration are recorded (Figs. 5 and 6). Simultaneously, aquatic
production decreased considerably (Fig. 7), possibly the effect of colder
water temperatures and shorter summer seasons. These proxies
indicate some short-term, but pronounced, cooling. The stratigraphic
position of the layer suggests that this event may be attributed to the
Gerzensee oscillation. This centennial-scale cooling event is recorded
mainly in the decline of δ18O during the second part of the Alleröd
(13,100–13,200 yrs BP) in the Greenland ice-cores — the GI-1b event
(Dansgaard et al., 1993; Björck et al., 1998) and foraminifera record
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of marine sediments (Lehman and Keigwin, 1992). From land sites,
it was first documented in the δ18O and δ13C isotopic record of the
Swiss lake Gerzensee (Eicher and Siegenthaler, 1976; Schwander
et al., 2000; Lowe et al., 2008; van Raden et al., 2013; dated 13,274–
12,989 and 13,261–12,909 yrs BP, respectively) and later from other
sites of the Atlantic rim of Europe (e.g. Litt and Stebich, 1999). From
lakes in Denmark, the onset of the oscillation is dated between 11,400
and 11,300 14C BP (Andersen et al., 2000). It has been found also in
Atlantic Canada, where it is called the Killarney oscillation (Levesque
et al., 1993).

The radiocarbon date 11,820 ± 60 14C (13,599–13,860 cal. yrs BP)
obtained from the depth of 437 cm supports this correlation. The pollen
record of LP is marked by an increase of Juniperus and Dryas octopetala
and suggests an opening up of the forest during this period. That is
supported also by the low sum of macrofossils in this horizon (Fig. 8).
This intra-Alleröd climatic oscillation had a perceptible impact on
both the terrestrial and limnic ecosystems of Lake Švarcenberk and
caused vegetation changes, increased soil erosion and lowered aquatic
production in the study area. Climatic deterioration is also supported
by aeolian activity at “Vlkovský přesyp” (see above) shortly after
11,260 +/− 120 14C BP (13,239–12,985 cal. yrs BP). After this event,
a centennial-scale warming period occurred, followed by gradual
cooling at the end of the Alleröd period.

Similarly, an Rb concentration increasewas found in the Alleröd part
of core CP in the horizon 730–755 cm, i.e. in the upper part of the pollen
zone CP-4 (Fig. 11). Proxies from this layer also denote sparse vegeta-
tion cover and higher erosion dynamics: the content of organic carbon
shows a short-term, but significant, decline, whereas Rb and reworked
Tertiary pollen concentration together with open community pollen in-
dicators (see Gramineae, Artemisia and Juniperus pollen; Fig. 9) increase.
Nevertheless, radiocarbon dates obtained from the above layer don't
suggest this cross-core correlation. Possible reasons for this were
already discussed in Section 6.1.

6.2.4. Younger Dryas (Unit 3-LP2-CP6 — Ch2b)
All proxies from this horizon indicate a relatively rapid cooling. The

high magnetic values (Fig. 5) are caused by the intensive soil erosion
in the catchment, connected with the inwash of topsoil horizons into
the lake basin. The increased intensity of erosion is related to the less
dense forest cover. This is demonstrated by the increase in Gramineae,
Artemisia and Juniperus pollen (Figs. 7, 9 and 11). The significant
increase in reworked Tertiary pollen in the first half of the sediment
record in both cores also has to be linked with the increased erosion
of the Tertiary bedrock (Fig. 11). In the Chironomid record, warm- and
moderate-adapted taxa slightly decrease in relative abundance
(Fig. 10). The rise in Microtendipes pedellus indicates an increase
in minerogenic sedimentation (Hofmann, 1984; Brodersen and
Lindegaard, 1999). The Rb concentration (Fig. 11) in the sediment is
high due to unweathered horizons not retaining it in the catchment.

Correlation of this unit with the Younger Dryas chronozone is con-
firmed by the 14C date 10 870 +/− 50 BP (12,755–12,920 cal. yrs BP)
obtained from the depth 307 cm of core LP and 10,780 +/−
120 14C yrs (12,654–12,877 cal. yrs BP) from the depth 520 cm of
core CP. The radiocarbondates are slightly higher than theAl/YDbound-
ary derived fromEuropean varved lake sediments, where absolute dates
from 12,600 to 12,700 BP have been obtained (Alley et al., 1993;Goslar
et al., 1995; Wohlfarth, 1996; Brauer et al., 1999; Litt et al., 2001).
Nevertheless, precise radiocarbon dating of YD is relatively problematic
due to the extensive radiocarbon plateau (Ammann and Lotter, 1989), a
problem discussed already above.

We suppose that the magnetic oscillation in Unit 3 (Fig. 5) could also
be indirectly linked to climatic changes, through lake level fluctuations—
lower water levels exposing the shoreline zone. The unconsolidated
sediment profile was then removed to the lake basin together with
surface runoff, causing an enhanced contribution to the sediment by
(pedogenetic) ultra-fine magnetic minerals.
In the YD part of core LP there exists a good negative correlation be-
tween a major peak of magnetic susceptibility (about 310 cm) and a
minimum content of aquatic vegetation and algae, namely Scenedesmus
(see Fig. 7). This abyssal alga is sensitive to thewater level status and its
increased content in the sediment generally points to higher water
levels. These dates, together with lithological and sedimentological
changes in the core (fine/coarse detritus, coarse-grain sand; see
Fig. 5), suggest a higher lake level in the first part of the YD and fall in
the in the second part. The high relative abundance of Chironomideae
littoral taxa such as Dicrotendipes, Endochironomus, Glyptotendipes,
Polypedilu or, Chaetocladius (Fig. 10) suggests the prevalence of shallow
water and reflect a well-developed macrophyte vegetation in the
littoral zone during the Younger Dryas.

A significant lake level lowering in the second part of YD is marked
by the input of coarse sand that diminishes the MS signal (Fig. 5).
Plant macrofossils (namely Charophyta) also denote the increased
input of mineral material (Fig. 8). Shortly before the onset of the
Holocene warming (during the transition between the YD and PB) a
drop in the lake level has led to the complete exposure of the littoral.
As a result of this a short-term stratigraphical hiatus is indicated in the
sedimentary record. This hiatus is apparent from the littoral core pollen
stratigraphy as a sharp decline of most herbs and shrubs (Fig. 7).

Due to the small lake catchment and its weak tributaries, hydrolog-
ical changes on the site are likely to be related mostly with the
paleoprecipitation distribution and its influence on the lake level —
this situation has been described from many recent lakes (see Cohen,
2003). A lake level oscillation derived from biotic and abiotic proxies
suggest a relatively wet first half of YD and a markedly drier second
half. These hydrological conditions are in accordancewithmostwestern
and northwestern Europe sites (Walker, 1995; Magny, 2001; Magny
et al., 2006; Neugebauer et al., 2012). In contrast to this, sites located
in areas of a stronger continental climatic regime, as is eastern and
northeastern Europe, show that the first part of the YD was certainly
drier and cooler, whereas in the second part a warming period occurred
(Goslar et al., 1993; Velichko et al., 1997, 2002; Kulesza et al., 2011).

In the studied region, the drier climate of the YD/PB transition was
probably accompanied by increased wind activity. This is marked by a
thin 2-cm sand layer from the top of the YD unit. The sand grains
show features typical for aeolian sands: a rounded shape and matte
surface. The grains are mixed with more angular grains in a ratio of
3:1. That could be transported to the basin by aeolian and/or colluvial
processes, though the uniform size fraction (150–200 μm) suggests
rather an aeolian origin for the layer. The top soil horizonswithmagnet-
ic grains were also transported to the basin, causing a mineral magnetic
enhancement of the respective layer. Several similar layers are pre-
served in core CP in the YD record; these aeolian sand layers had already
been correlated with the formation of the nearby “Vlkovský přesyp”
sand dune and with the opening up of forest cover (Pokorný and
Růžičková, 2000).

The cooling period connected with the YD/PB transition is also
recorded at several western and central European sites. It is marked as
a short-term decline of δ18O before the Holocene increase (Goslar
et al., 1993; von Grafenstein et al., 1999) or as a mixing of surface sedi-
ments caused by unstable environmental conditions due to increased
wind activity (Brauer et al., 1999).

6.2.5. Holocene (Unit 4 — LP3,4— CP7,8,9— Ch3)
Sedimentation in the SE littoral was restored at the beginning of the

Preboreal, as suggested by the 9040 ± 50 BP radiocarbon date obtained
from a position just above the layer of aeolian sand (273 cm). Both pol-
len and Chironomideae records show a rapid warming. A short-term
cooling period at the beginning of the Holocene (layer 265–258 cm)
signaled by abiotic proxies could be caused by the Preboreal oscillation.
Nevertheless, after this event, the MS and Rb content rapidly decline
and the organic matter content simultaneously increases (Figs. 5 and
6) as the result of warming period. Since that time, the erosion intensity
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remainedweak andweathering processes retained Rb in the catchment.
The higher autochtonous organic production of the lake caused an in-
crease in the organicmatter content of the sediment. This change has fi-
nally led to the complete infilling of the lake basin.

Nevertheless, both MS and RM values rise in some horizons
(especially 258–230 and 215–186 cm; Fig. 5). These events may not
be linked with the climate; erosion processes but could be influenced
by human activity. Along the shores of Švarcenberk Lake, archeological
excavations so-far have revealed an intensive Mesolithic occupation
during the Early Holocene (Šída et al., 2007; Pokorný et al., 2010). The
resulting anthropogenic disturbances along the fringes of the shoreline
could have caused soil and bedrock erosion that have been transferred
to the lake basin. Therefore a significant increase in magnetic values
and reworked Tertiary pollen occurs in this horizon (Fig. 6). The above
interpretation is supported by the fact that a period of the respective
higher magnetic values correlates with increasing synatrophic pollen
indicators (e.g. Plantago lanceolata, Pteridium aqulinum, Utrica) in the
pollen diagram of core LP, as well as an increased content of charcoal
particles in the sediment (Figs. 7 and 8). The impact of human activity
on themagnetic properties of lake sediment has already been well doc-
umented from many sites (e.g. Wessels, 1998; Dearing and Zolitschka,
1999).

6.3. Comparison with other European lacustrine records

In general, the course and major events of the Late Glacial climatic
developments are well pronounced around the Northern Hemisphere
and have been repeatedly identified and described. Yet, their duration
and intensity have obviously exhibited considerable geographic varia-
tion accompanied by regionally-specific minor oscillations depending
both on the geographic position and orographic specifics of the region
(Davis et al., 2003). In Europe, particularly valuable information has
been obtained during the last decade thanks to the application of a
multi-proxy approach on well-stratified, precisely-dated (and some-
times varved) lake sediments such as Eifel Maars, or the lakes in the
Swiss Alpine foreland, Germany and central Poland (e.g. Eicher and
Siegenthaler, 1976; Goslar et al., 1993; von Grafenstein et al., 1999;
Ammann et al., 2000; von Grafenstein et al., 2000; Marshall et al.,
2002; Ammann et al., 2013; van Raden et al., 2013). Unfortunately,
large-scale analyses of geographic variation are limited by the fact that
the geographic distribution of lake sediments is not evenly distributed
and a considerable part of central Europe lacks lacustrine deposits
for various hydrological and geomorphological reasons. This applies
wholly to the interior of the Czech Republic,where a representative sed-
imentary archive has been so far missing. The presented record from
Švarcenberk Lake partly fills the gap and the results given in this
paper can be directly compared to the situation in other parts of
Europe. The sensitivity of the applied instrumental sedimentological
methods to climatically-driven processes allows trans-regional compar-
isons and thus enables us to discuss the pattern of geographic variation
in these processes.

In general, the period of the Pleistocene/Holocene transition docu-
mented in Švarcenberk Lake corresponds quite well to the course of
the transition at other sites. As in western Europe, the Alleröd is here
characterized by birch woodland development, stabilization of catch-
ment soils and a decline in detrital sedimentation, whereas during the
Younger Dryas a cooling period occurs, which sees the return of an
open, dwarf shrub and herb, tundra-like vegetation, and minerogenic
sedimentation. The warming period of the Early Holocene saw the re-
turn of woodland vegetation and a shift to a more organic sedimentary
regime (Ralska-Jasiewiczowa et al., 1999; Ammann et al., 2000; Davis
et al., 2003).

The fine scale comparisons, mentioned in the previous section, sug-
gest that the interior of the BohemianMassif (situated as it is on the bor-
der between west-oceanic and east-continental climatic conditions)
shows a better agreement in the course of the Pleistocene/Holocene
transition with the North Atlantic region than with the eastern part of
the European continent. The main differences between the former and
latter part of Europe are in their hydrological balance (Mol et al.,
2000; Velichko et al., 2002;Magny et al., 2007). The records in thewest-
ern part of Europe show more pronounced reactions to North Atlantic
oscillations in paleoclimatological (paleohydrological) currents (as re-
corded in the marine sediment and Greenland Ice Cores) than do
those from eastern Europe (including the Carpathian basin or the north-
eastern part of central Europe).

The cool event of the later part of the Alleröd interstadial, here
co-identified with the Gerzensee oscillation, can serve as a good
example. This oscillation has been observed in various climatic
proxies over a wide North Atlantic region (see Section 6.2.); nev-
ertheless, further inland, it has only been recorded exceptionally
and as an event of only very low intensity (Björck et al., 1996;
Velichko et al., 2002; Battarbee et al., 2004). In records from
northern and western Europe, the event has been indicated by a
distinct fall in δ18O (von Grafenstein et al., 1999; Lowe et al.,
2008; van Raden et al., 2013), corresponding to changes in mag-
netic susceptibility (Nolan et al., 1999) and the pollen record: a
temporary decline in arboreal pollen with an increase in open-
habitat herbaceous taxa (especially those characteristic of imma-
ture soils), and in the sedimentary dynamics characterized by in-
creased soil erosion (Walker, 1995). In the corresponding strata
of the present study site all these phenomena can be well
observed.

In addition, the hydrological changes accompanying the climatic os-
cillations suggest a good agreement between Bohemia and the North
Atlantic region. Here it should be remembered that due to its small
catchment andweak tributaries the level of the lake studied was direct-
ly dependent upon paleoprecipitation – a situation that been described
from many recent lakes (see Cohen, 2003) – and hence the record of
oscillations in the lake's level derived from biotic and abiotic proxies
can be looked upon as a record of paleoprecipitation dynamics. This
then clearly suggests (a) a quite humid condition during the Alleröd,
(b) that continued even during the first half of YD, but (c) wasmarkedly
drier during the second half of YD. Identical dynamics of hydrological
conditions has been reported from sites fromwestern andnorthwestern
Europe (Magny and Rufaldi, 1995; Walker, 1995; Magny, 2001;
Neugebauer et al., 2012). Further, the rapid drop in the lake level at
the time of the YD/Preboreal transition, through which the lake sedi-
ment in the littoral core of the study sitewas temporarily exposed to ter-
restrial development, corresponds to a similar event reported from sites
in the Swiss plateau and Juramountains (Magny et al., 2006). In contrast
to this, in the lacustrine series located in an area of stronger continental
climatic regime, i.e. east and northeast Europe, the first part of the YD
was certainly drier and cooler, whereas a climatic warming, including
an increase in humidity, occurred here in the second half of YD (Goslar
et al., 1993; Velichko et al., 1997, 2002; Makhnach et al., 2004; Kulesza
et al., 2011).

7. Conclusions

Sedimentary deposits of Švarcenberk Lake have provided a great
archive for the detailed study of the Late Glacial paleoenvironmental
changes in eastern-central Europe — a transition zone between the
realms of the Atlantic and continental climatic regimes, the zone
from where, until now, no similar record had been available. Using a
multi-proxy approach, that combined sedimentological, palynological,
paleozoological, geochemical and geophysical methods, we have
demonstrated that:

– The biotic and abiotic components of the land/lake ecosystem reacted
quasi-synchronously and sensitively to both short- and long-term
climate-induced environmental changes during the Alleröd and
YoungerDryas and showdistinct differences between the Late Glacial
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and Holocene environmental conditions; the short-term intra-
Alleröd cool event was correlated with Gerzensee oscillation.

– Proxy evidence suggests that the earlier lower part of the Younger
Dryas was more humid, whereas the later upper part was relatively
dry with a significant fall in the lake level at the YD/Preboreal
transition.

– The erosion and weathering processes in the lake catchment are
connected with the vegetation cover and lake productivity; there
is a clear relationship between sparse vegetation cover and higher
erosion intensity and vice versa.

– The magnetic properties are a good indicator of the flux of eroded
soils into the lake basin, and magnetic enhancement of the lake
sediment should also relate with oscillations in lake levels; variations
in Rb content in the lake sediment reflect erosion and chemical
weathering intensity in the surroundings of the lake and should be
used as a suitable tool for the reconstruction of past climatic changes
on a superregional scale.

– Interpretations of several proxies imply a climatic connection of the
study area with the circum-Atlantic region during the Alleröd and
Younger Dryas.

– Variations in the intensity of erosion in the Švarcenberk Lake catch-
ment during the Upper Holocene could have been influenced by
the activities of Mesolithic human populations (archeologically
documented).

The interregional comparisons suggest considerable differences
between the north Atlantic-western European region and that of conti-
nental eastern Europe (including northeastern central Europe and the
Carpathian basin) in the course of the major climatic events during
the Alleröd, Young Dryas and along the YD/Preboreal transition. In all
these respects, the record from this study site, situated in the center of
the Bohemian Massif, clearly shows the development corresponding
to the former region. Indirectly this may indicate that the boundary
between the two climatic regions and/or the two different modes of
the Pleistocene/Holocene transition in central Europe could be quite
narrow. Yet, to confirm this hypothesis, further new sites are urgently
needed.
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