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ARTICLE INFO ABSTRACT

Handling Editor: Morgan Cristine L.S. Loess deposits are terrestrial archives that record progressive deposition and erosion events of varying intensities.
Data on long-term erosion rates are crucial for tracking changes in the stability of a loess mantle and recon-
structing the evolution of loess-enriched soils. We used meteoric 1°Be to i) define the factors responsible for its
distribution along the profile, ii) determine long-term erosion rates in loess-enriched polygenetic soils charac-
terised by illuviation processes, and iii) evaluate initial soil thickness and stability over time. Distribution of
meteoric '°Be along the soil profiles was mainly driven by its translocation with clay particles and accumulation
in the illuvial horizons. However, in some cases (loess over serpentinite), the highest meteoric 19Be content was
measured in the C horizons which may be related to the longer exposure of serpentinite to meteoric °Be
deposition before the occurrence of a major loess accumulation event. The estimated long-term erosion rates
greatly depend on the assumed environmental settings and were in the range of about 0.1-3 t ha~! yr~!. Based on
the soil redistribution rates, we reconstructed the removed loess layer which was from a few dm to about 3 m.
The results indicate four main soil evolutionary phases: a) pre-exposure of sediments to meteoric ‘°Be accu-
mulation; b) formation of thick loess mantles during the Last Glacial Maximum; c) erosion events between 21 and
11.6 ka that significantly shallowed the initial loess mantles; d) pedogenesis (with subsoil clay accumulation) in
the Holocene within the thinner relicts of the former Late Pleistocene loess mantle followed by a recent and
strong erosional phase due to human impact. These phases are also believed to have occurred in several other
areas of Central Europe.

Keywords:

Long-term erosion rates
Loess mantles
Cosmogenic nuclides
Polygenesis

1. Introduction

Loess sequences are terrestrial archives and records of accretionary
(e.g., deposition) and degrading near-surface processes (e.g., erosion)
(Calitri et al., 2019; Loba et al., 2021; Waroszewski et al., 2018b). Loess
and its derived soils are highly susceptible to erosion (Jacobs et al.,
2012; Jagercikova et al., 2015; Loba et al., 2021; Waroszewski et al.,
2019). The accumulation of loess is favoured by cold and dry climate
conditions of former periglacial zones (Gu et al., 1996). It has been
speculated that during the main phase of loess deposition, especially
during the major glaciations (MIS 2-4, Frechen et al., 2003; Lehmkuhl
et al., 2021), loess deposits formed deep mantles which served as a
substrate for weak to moderate soil development. Often, these mantles
eroded during the Late Pleistocene and Holocene and their residues were
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preserved (Dohler et al., 2018; Waroszewski et al., 2018b). As a
considerable part of the material has been lost over time, a decrease in
soil thickness or even the removal of the whole soil body is expected
which gives rise to a strong regression or restart of soil formation
(Waroszewski et al., 2018b). Therefore, estimating the thickness of the
primary loess mantle helps determining the paleoenvironmental land-
scape settings and better understanding the landscape transformation
during the Pleistocene and the present-day appearance of loess-affected
soils (Luehmann et al., 2013; Lorz et al., 2013).

By using meteoric 1°Be to determine erosion rates (Chen et al., 2020;
Norton et al., 2010; Lal, 2001; Wittmann et al., 2015), changes in the
stability of loess cover and soils can be estimated. Once formed in the
atmosphere, meteoric 1°Be adsorbs onto aerosol particles or is scavenged
by rain and deposited on the Earth’s surface (Graly et al., 2011; Heikkila
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et al., 2008; Wittmann et al., 2015). Meteoric 10ge easily adheres to fine-
grained particles (fine silt, clay) at the soil surface (Arata et al., 2016a,
2016b; Egli et al., 2010; Willenbring and von Blanckenburg, 2010;
Wittmann et al., 2015); thus, the highest values are usually found in the
uppermost soil horizon (Graly et al., 2011). The penetration depth of
10Be with rainwater primarily depends on the grain size distribution, soil
density and adsorption mechanisms in a soil (Willenbring and von
Blanckenburg, 2010). The spatial arrangement and profile-depth dis-
tribution of meteoric °Be in soils are controlled by leaching and illu-
viation processes, as well as by soil mixing (Graly et al., 2011,
Waroszewski et al., 2018a). Therefore, meteoric 10ge dynamics in soils
indicate the stability and dynamics of loess layers in various ecosystems
(Costantini et al., 2018; Drohan et al., 2020; Jary and Kida, 2000;
Lehmkuhl et al., 2021; Rousseau et al., 2007; Schaetzl et al., 2018;
Waroszewski et al., 2018a, 2018b, 2020; Williams, 2015; Yates et al.,
2018), and reveal the role of erosion, accumulation, and biomixing
processes.

Because of its unique traits, meteoric !°Be has been typically used as
a tracer for erosion and deposition rates in diverse soils under various
environmental conditions (e.g., Chen et al., 2020; Marshall et al., 2017;
Norton et al., 2010; Lal, 2001; Ritchie and Ritchie, 2007; Wittmann
et al., 2015). The calculation of erosion rates based on meteoric °Be is
relatively straightforward. One of the most well-known soil erosion
model when using cosmogenic radionuclides (Lal, 2001) assumes
steady-state soil conditions and does not take the complex pedosedi-
mentary evolution into account (Waroszewski et al., 2018a,b, Kleber
and Terhorst, 2013). Over the last decade, several attempts have been
made to calculate the erosion rate of complex heterogeneous soils. For
example, Egli et al. (2010) applied a non-steady-state approach to derive
the erosion rates in alpine soils. Similarly, Zollinger et al. (2017) applied
a non-steady-state approach to determine erosion in soils of alpine
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hillslope that developed on unconsolidated sedimentary parent mate-
rial. Waroszewski et al. (2018b) calculated the long-term erosion for
soils formed on stratified slope deposits with airborne dust admixtures
exhibiting clear eluviation/illuviation processes in the medium-high
mountains of Central Europe. Hidy et al. (2018) used a Monte Carlo
simulation and in-situ terrestrial cosmogenic, in-situ nuclides to calcu-
late soil erosion. Furthermore, Arata et al. (2016a,b) introduced a new
model for accumulation and erosion rate calculations (MODERN) based
on the inventories of fallout radionuclides. Under specific conditions,
this model can also be applied to 1°Be depth profiles (see Calitri et al.,
2019). In loess-dominated areas, soil properties are more homogeneous
and, thus, ideal for studying erosional and depositional processes. If the
deposition of the loess layer occurred during a well given, single period
then the concentrations of meteoric 1°Be measured in the C-horizon can
be used to calculate the amount of 1°Be that derives from a potential pre-
exposure.

We now tried to assess soil redistribution rates of complex soil pro-
files. We had the following main aims: i) the assessment of 10ge
migration within loess-bearing heterogeneous soil profiles that are
influenced by illuviation, ii) the estimation of long-term erosion rates on
soils developed on five different parent materials with a clear loess
contribution, and iii) calculation of the original thickness of the loess
mantle that is typical for the landscape of Central Europe. We investi-
gated soil profiles that have been developed and reshaped during the
Pleistocene and Holocene.

2. Study area
The study area was located in Lower Silesia (southwestern Poland)

(Fig. 1). Three regions were selected for this study: i) the Ktodzko Basin,
an intramountain depression,; ii) the Sleza Massif and iii) the Kaczawa

17°E

51°N

Poland

50°N

Fig. 1. Location of the studied sites in SW Poland. The loess distribution of Lower Silesia within the European loess belt was drawn after the Geological map of
Poland (1:500 000), and Haase et al. (2007) (map of loess sediments in Central Europe adapted from Sprafke 2016, after Haase et al., 2007).
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Upland (Kowalska et al., 2022). The Ktodzko Basin comprises Palaeozoic
igneous and metamorphic rocks (Wojciechowska, 1966) and Permian
sandstone of the Intra-Sudetic Basin (LS1; Awdankiewicz et al., 2003).
The Sleza Massif is subdivided into two geological units, where the first
unit constitutes mostly basic to ultrabasic rocks, such as metagabbros,
serpentinised peridotites, ultramafic cumulates, diabases, and meta-
basalts, the latter predominantly contains Variscan granitoids (Kryza
and Pin, 2010; Kierczak et al., 2016). Three soil profiles, LS2, LS3, and
LS4, in the Sleza Massif were investigated, where serpentinite and
granite from the Gogotéw-Jordanéw massif were the basal substrate for
soil development for LS2 and LS3 (Dubinska et al., 2010; Gil et al.,
2015), while LS4 developed on glaciofluvial sediments. The Kaczawa
Upland consists of basalt residual hills, which are remnants of Oligo-
cene-Miocene volcanism that underwent intense and selective denu-
dation during the Pleistocene (Migon et al., 2020). The products of
weathering of the basaltic material act as the geological substrate for
LSS.

The origin of loess deposits in Lower Silesia is attributed to both
glaciofluvial outwash sediments from the Fennoscandian ice sheet and
local sources of the Sudetes (Baykal et al., 2021, Marks, 2005). Ac-
cording to existing chronologies, most of the loess strata of Poland was
deposited during the Eemian-Weichselian period MIS5 d-2 (Moska
et al., 2019; Valde-Nowak and fanczont, 2021). However, two major
phases with loess sedimentation were established for southwestern
Poland, i.e. during MIS 4 and, more notably, MIS 2 (Last Glacial
Maximum (LGM 21000 + 3000 yr; Baykal et al., 2021; Lehmkuhl et al.,
2021; Schaffernicht et al., 2020; Moska et al., 2019). During the last
glacial cold phases, the Fennoscandian ice sheet reached the southern
part of central Europe, thus the main source of dust in the proximal areas
is linked with glacial grinding mechanism. This material was easily
displaced by wind over long distances (Baykal et al., 2021; Gallet et al.,
1998). Most likely easterly winds played a major role in the transfer and
deposition of loess in Poland (Schaffernicht et al., 2020). Loess covers
are of variable thicknesses, but usually range between 0.3 and 2 m and
often form discontinuous patches, with a generally undifferentiated
stratigraphy (Jary, 2010). The maximum age of these loess deposits
within the study region varies between 17.3 &+ 1.1 and 21.0 + 1.4 ka
(Waroszewski et al., 2020, 2021). Only some of the thin loess mantles
reveal younger ages (14.2 + 1.1) (Waroszewski et al., 2020). Because
the soils that developed from loess deposits were reworked during the
Holocene (e.g., by agriculture, deforestation, and natural processes such
as pedoturbation, mass wasting, and slope wash) and probably even
during the Late Pleistocene (e.g., by intensive wind erosion or erosive
rainfall events during the LGM; Schaffernicht et al., 2020), the primary
thickness of the deposited loess remains unknown (Waroszewski et al.,
2018a). These processes often reduce the thickness of the loess mantle
and favour the mixing of loess material with the underlying substrate
(Kleber and Terhorst, 2013; Waroszewski et al., 2018a, 2019).

The soils of Lower Silesia that developed on loess deposits, loess-
derived sediments, and within cover sands over glacial tills are usually
characterised by illuviation/eluviation processes that form Luvisols
(Kabala et al., 2015a,b; Kabala and Musztyfaga, 2016; Waroszewski
et al., 2018a; 2019). In other places, a thick humus (mollic) horizon
could evolve, resulting in the development of fertile soils such as
Chernozems and Phaeozems (Drozd et al., 1994, Drozd et al., 2007;
Labaz and Kabala, 2014; Labaz, 2018, 2019; Licznar, 1976). Consoli-
dated ultramafic/mafic rocks, e.g., basalt, serpentinite, or gabbro, are
the common parent material for Cambisols or Leptosols (Weber, 1982;
Pedziwiatr et al., 2018). Moreover, brunic Arenosols developed on
Pleistocene terraces and sand plains, and fluvic Gleysols formed on
Holocene river-terraces and occur in Lower Silesia (Kabala et al., 2015a,
b).

The recent human land use in Lower Silesia is dominated by arable
lands (61%), while forests account for 31%. Main deforestation periods
are associated with mining activities of ores such as iron, gold, silver,
copper, and lead in the Middle Ages (Kabala et al., 2015a,b).
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Anthropogenic disturbances of loess deposits were recently traced by
Loba et al. (2021), from the Preboreal to modern times.

Lower Silesia has a temperate climate. South of Lower Silesia, the
Sudety Mountains are natural topographic barriers (Bac-Bronowicz and
Grzempowski, 2018). The precipitation values differ depending on the
region — the mean annual precipitation rate is 750 mm within the Kac-
zawa Upland and Kiodzko Basin, whereas that in the Sleza Massif rea-
ches 600 mm (Pawlak, 2008).

The vegetation cover is mostly dominated by a mixed forest, with
oak, beech, hornbeam, and spruce as the main species. The Slqza Massif
is partially characterised by a grassland vegetation, with Alopecurus
pratensis L. and Festuca rubra L. (Waroszewski et al., 2019). Additionally,
species, such as Peucedanum cervaria (L.), Lapeyr Thesium alpinum (L),
Potentilla alba (L.) and Drymocallis rupestris (L.) often overgrow the
serpentinite and amphibolite of the Sleza Massif.

3. Materials and methods
3.1. Soil sampling strategy

Five soil pits from the Lower Silesia province from a previous study
(Kowalska et al. 2022) were selected for this investigation: LS1 (Ktodzko
Basin), LS2-LS4 (élqia Massif) and LS5 (Kaczawa Upland (Fig. 1,
Table 1). These soils have developed on different geological substrates
(Table 1). Up to three zones of a strongly variable thickness were
distinguished among the investigated soils (Waroszewski et al., 2018a):
the loess mantle (pure loess material), mixed zone (loess mixed with
underlying rocks) and the basal layer (underlying bedrock) (Fig. 2).
Waroszewski et al. (2018a, 2019) and Kowalska et al. (2022) provided
detailed characteristics of these soils. Prior to sampling, the soil profiles
were prepared and described in accordance with the FAO (2006) and
IUSS Working Group WRB (2022) guidelines. Soil colour was deter-
mined in the field from moist samples using the Munsell Soil Colour
Charts. Approximately 2 kg of soil material was collected from each
designated horizon for physicochemical and isotopic analyses. The 32
samples were dried at 70 °C and sieved to 2 mm. Additionally, undis-
turbed samples were collected using steel rings (Kopecky type, 100 cm®)
for soil bulk density measurements.

3.2. Particle size distribution, basic chemical and geochemical properties

The method of Van Reeuwijk (2002) was used to estimate particle
size distribution which combines sieving (sand fraction) and a hy-
drometer method (silt and clay fractions). Total organic carbon (TOC)
was obtained by dry combustion at 550 °C using a CO, spectroscopic
detection analyser (Strohlein CS-mat 5500). The pH was measured
potentiometrically in a suspension of 1:2.5 (soil:1 M KCl solution) using
an electrode and a CPI-551 Elmetron pH meter (van Reeuwijk, 2002).
The sum of exchangeable bases (Ca®", Mg?t, Na™, and K*) was assessed
by an extraction of 1 M ammonium acetate at pH 7.0 (van Reeuwijk,
2002). ’Free’ iron (Feq) was extracted with a bicarbona-
te-dithionite—citrate buffer. Iron and aluminium in amorphous oxides
and hydroxides (’active’ forms, Fe, and Al,) were extracted using an
acid ammonium oxalate solution (Van Reeuwijk, 2002) and measured
with ICP-AES (Varian Liberty). The total element concentrations in the
fine earth were measured after fusion with lithium borate and an alloy
dissolution with nitric acid (Delijska et al. 1988) using ICP-ES having a
Spectro Ciros Vision and ICP-MS (PerkinElmer ELAN 9000 in Acme Labs,
Bureau Veritas, Canada).

3.3. Meteoric 1°Be analysis

The meteoric 1°Be content in the fine earth fraction of all soil hori-
zons was analysed following Egli et al. (2010) and Zollinger et al.
(2017). Samples were milled using a horizontal mill with tungsten balls
at 28 Hz for 10 min. Then, 2 g of the milled sample was weighed and
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Table 1
General characteristics of the sampling sites.*.
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Profile  Coordinates Elevation  Slope Slope Mean annual precipitation ~ Geological substrate ~ Land use WRB (IUSS Working Group WRB,

(N/E) (m asl) inclination position (mm yr’l) 2022)
(deg)

LS1 50°26'05.4"°N, 529 5 shoulder 750 loess/ arable Endoskeletic Luvisol (Episiltic,
16°34'24.3"E. Permian sandstone land Raptic)

LS2 50°51'20.0"N, 250 12 midslope 650 loess/ forest Endoskeletic Luvisol (Magnesic,
16°46'55.3'E. serpentinite Raptic)

LS3 50°52/35.0"N, 260 2 summit/ 650 loess/granite forest Katoskeletic Alisol (Raptic)
16°40'09.1"E. shoulder

LS4 50°52'24.6"N, 230 3 summit/ 650 loess/glacio-fluvial grassland Endoskeletic Luvisol (Episiltic,
16°40'09.1"E. shoulder deposits Endoloamic, Raptic)

LS5 51°01'10"N, 402 8 backslope 750 loess/ basalt slope forest Eutric Luvic Albic Folic Stagnosol
16°01'40"E. cover

(Pantosiltic, Ochric,)

Explanations:* according to Kowalska et al., (2022).

ignited at 500 °C for 6 h to remove the organic matter. To extract °Be,
sample powders were spiked with 1 mg of °Be and leached overnight in
16% HCI. The sample leachate was collected, and the soil samples were
leached again to ensure high-efficiency extraction of beryllium. The two
leachates were combined, and the fine particles were removed by
centrifugation. Metals, including Be dissolved in the leachate, were
separated in two stages. In the first stage, liquid samples were treated
with NaOH and HCI to separate the metal hydroxides based on the de-
pendency of their solubility on pH, mainly to remove Fe(OH)s. During
pH adjustment, a saturated EDTA solution was added to bind with
metals (Fe and Mn) resulting in EDTA complexes for selective separa-
tion. The resulting gels of Be, Al, and Ti hydroxides were collected and
dissolved in oxalic acid. In the second stage, Be was separated using an
ion-exchange resin (Bio Rad AG 50-X8) and collected as Be(NOj3)s.
Finally, the samples were precipitated with NH4OH, dried, and calcined
at 850 °C to obtain pure BeO.

The 1°Be/’Be ratio was measured using a MILEA accelerator mass
spectrometry (AMS) system at ETH Zurich (Maxeiner et al., 2019). The
results were normalized to the ETH AMS standards S2007N (mBe/gBe =
28.1 + 0.8:10"12) and $2010N (}°Be/°Be = 3.3 = 0.1-10"'2) both relying
on a '°Be half-life of 1.387 =+ 0.012 Myr (Christl et al., 2013). The
10Be/°Be ratio of the samples lied in the range of 1.64-101%-14.35.10712,
and the ratio of preparation blanks was 0.011-1072-0.021-102. The
final '°Be content was corrected to the weighted average of the blank
values. Error of the 1°Be content included the errors of the AMS stan-
dards and preparation blanks. The error includes the uncertainty of the
AMS measurement, including standard normalisation and propagated
error of preparation blank subtraction.

3.4. Erosion rate calculations

Information on the approximate start of soil formation is needed to
estimate erosion or sedimentation rates. Jary (1999) and Waroszewski
et al. (2021) provided the age constraints for loess deposits and their
reworking for the Lower Silesia (helped in the calculation of erosion
rates. Owing to the assumption of several phases of accumulation and
erosion events, steady-state conditions seemed unlikely, as postulated
by Lal (2001). Therefore, a non-steady-state approach (Zollinger et al.,
2017) was considered to be more suitable for the investigated soils. This
approach, however, requires the age of the landform for erosion rate
calculations. The precise age of the loess deposits and the onset of soil
formation is not known. We, therefore, used a scenario calculation with
two different starting points, i.e., 14.2 and 21 ka (Waroszewski et al.,
2020, 2021). This age range best designates the loess mantle formation
of the region. This approach also requires the annual °Be deposition
rates as input parameters, which often have to be modelled or estimated.
We used again a scenario calculation approach: 1) 10ge deposition rates
estimated using the annual precipitation (Maejima et al., 2005), 2)
deposition rates according to Willenbring and von Blanckenburg (2010).

The lowermost samples from all profiles were excluded from the '°Be
inventory, as we intended to focus on the loess component and provide
comparable conditions for the loess mantles not affected by the under-
lying sediment.

Soil erosion was then calculated as (Zollinger et al., 2017):

1 AN

Epi = ——(—;
PfCioge € — 1

+4q) (€8]

where E,,; is the soil erosion rate (cm yr’l), CioBe (atoms/g) is the
average °Be in the top eroding horizons, fis the fine earth fraction, p (g/
cm?) is the bulk density of the top horizons, N (atoms/cm?) is the 1°Be
inventory in the soil profile, ¢ (atoms cm™2 yr~!) is the annual '°Be
deposition rate, A (4.997 x 107 yr™!) is the decay constant of '°Be, and t
(y) is the surface age. The average concentrations of '°Be in rainfall is ~
1-1.5 x 10* atoms ecm3(see Vonmoos et al., 2006; Heikkila et al., 2008;
Graly et al., 2011).

Although steady-state conditions were not met, the calculation
method of Lal (2001) was used for comparison.

Eg = 20Kg and (2).

and
_Mia|_
K=2e[e] s o

where zj (cm) is the thickness of the topsoil horizons, K is the first-order
rate constant for the removal of soil from the topsoil layer, Np (atoms/
cm?) is the 1%Be inventory in the D layer (remainder of the soil profile
comprising B and C horizons), Ng (atoms/cm?) is the 1°Be inventory in
the topsoil horizons, and g (atoms/cmz/yr) is the flux of atmospheric
10Be onto the topsoil.

Besides soil age, also the average precipitation rates are not precisely
known over the entire soil evolution period. While present-day average
precipitation rates more or less represent the Holocene, the situation for
the Pleistocne is much less known. According to Heyman et al. (2013),
annual precipitation was probably 25-75% of the present-day situation
during the period of the last glacial maximum. We made an additional
scenario calculation by taking these values into account by using:

P=PyxF+Py x(1—F) @

where P = precipitation rate [mm yr!] during entire period of soil
formation, Py = precipitation rate during the Holocene, F = precipita-
tion proportionality factor (ratio time of soil evolution during the Ho-
locene to entire duration of soil formation) and P;4 = precipitation rate
during the Pleistocene (25-75 % of present-days rate).
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Fig. 2. Photos and sketches showing the detailed morphology of all soil profiles and '°Be depth plots.
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4. Results
4.1. Soil morphology and particle size distribution

The investigated soils differed in terms of the geological substrate,
land use and location on the slope (Tables 1 and 2). Each profile con-
tained loess material in the topsoil. Usually, three morphological zones
were distinguished: loess mantle, mixed zone and basal layer (Table 2).
As an exception, soil LS4 had no mixed zones — the dense underlying
substrate inhibited a mixing with loess. The loess mantles of most soils
were 28-78 cm thick (Table 2), had a silt-loam texture, with a clear
predominance of the silt fraction varying from 52% (LS4) to 72% (LS2)
(Table 3). The thickest loess mantle (78 c¢cm) was observed in soil LS1
which formed on Permian sandstone (Table 2). Furthermore, the loess
mantle contained a relatively low proportion of rock fragments with up
to 20% (LS4, Table 2). The rock fragment proportion increased with soil
depth in all profiles (Table 2). The basal layers of LS3 and LS5 showed up
to 80-85 % of rock fragments in the lowermost horizons. The texture of
the mixed zones and basal layers showed an unambiguous decrease in
the silt content and an increase in sand (LS1, LS3, and LS4) or clay (LS2,
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LS5) (Table 3). Additionally, an argic horizon was found in each soil
profile, but at different depths (Table 2). These soils were classified as
either Luvisols or Alisols (Table 1). The boundary between the loess and
mixed zones was mostly clear and wavy (Table 2). The loess mantles had
a very friable consistency, whereas the mixed zones and basal layers
were more compact (Table 2). Detailed characteristics of the profiles are
presented in Kowalska et al. (2022).

4.2. Physicochemical soil properties

Bulk densities of the different soils were comparable with values of
1.01-1.59 g-cm’3 (Table 6). The bulk density of the loess mantle was
lower than that of the mixed zone and basal layer (Table 4). The pH
values indicate neutral conditions at LS1 and LS2 or acidic conditions at
LS3, LS4 and LS5. The values generally increased slightly with soil
depth, with some exceptions in LS1 and LS3 where the pH of the basal
layers was lower than those of the overlying zones (Table 4). The pH of
LS4 soil was more or less uniform along the entire profile. TOC was
highest in the Ah horizon of LS3 and LS5 followed by LS2 (Table 4).
Profile LS1 had the highest base cation content (23.0-28.1 cmol(+) -

Table 2
Morphology properties of soils under study.*
Profile  Horizon  Depth Coarse Color Redox Structure  Consistence Horizon Diagnostics ~ Texture  Parent
(cm) fragment (moist) features (moist) boundary material

Endoskeletic Luvisol (Episiltic, Raptic)

LS1 Ap 0-18 n.d. 10YR 4/2 - gr, fi fr c SiL Loess mantle
AE 18-45 2 10YR 5/4 - sb, fi fr W SiL
2Btgl/ 45-78 n.d. 10YR 4/6 - ab, fi fr/fi g argic SiL
E
2Btg2/ 78-95 25 10YR 6/4 - ab/pl, fi fi c argic SiL Mixed zone
E
3BC 95-112 60 2.5YR 4/5 - ab, fi vfi SL Basal layer

Endoskeletic Luvisol (Magnesic, Raptic)

LS2 Ah 04 n.d. 10YR 3/1 - gr, vfi vir c,w SiL. Loess mantle
AE 4-14 n.d. 10YR 6/3 - sb, fi fr (R SiL.
E 14-19 n.d. 10YR 8/2 - ab, vfi fr g albic SiL
EB 19-33 n.d. 10YR 6/8 - ab, fi/m fi g albic SiCL Mixed zone
2Bt1 33-45 40 10YR 4/6 - ab, fi/m fi g argic SiCL
2Bt2 45-68 50 10YR 4/4 - ab, fi/m fi/vfi g argic CL Basal layer
3BC 68-86 60 10YR 6/6 - ab/sb, fi vfi SiL

Katoskeletic Alisol (Raptic)

LS3 Ah 0-3 5 10YR 2/1 - gr, vfi vir g SiL Loess mantle
ABw 3-8 5 10YR 4/5 - sb, fi fr g SiL
Bw 8-30 10 10YR 5/6 - ab, fi fr g SiL
2Bt 30-70 40 10YR 6/5 - ab/pl, m fr g argic SiL Mixed zone
2BC 70-110 60 10YR 6/4 - ab, m fr g SiL
3BC 110-120 70 7.5YR 5/8 - ab, m vir g SL Basal layer
3CR 120-130 85 - - - vir SL

Endoskeletic Luvisol (Episiltic, Endoloamic, Raptic)

LS4 AE 0-20 5 10YR 5/4 - sb, fi fr w SiL Loess mantle
EB 20-36 20 10YR 5/8 - sb/ab, fi fr g SiL
2Btgl 36-64 60 7.5YR 4/6 25YR7/3 ab, m fr/vir g argic L Basal layer
2Btg2 64-81 65 7.5YR 5/6 - ab/pl, m vir g argic SL
2BC 81-105 70 5YR 8/3 5Y 8/3-6/3 sb, fi fr SCL

Eutric Luvic Albic Folic Stagnosol (Pantosiltic, Ochric,)

LS5 (0] 2-0 n.d. - - - c,w
Ah 0-4 10 10YR 2/1 - sb, fi vir c,w SiL Loess mantle
AEg 4-14 10 10YR 4/1 - ab, m fr (A SiL
Eg 14-28 16 10YR 7/2 10YR 5/6 ab, m/1 fr g albic SiL Mixed zone
Eg/Btg 28-40 30 2.5Y6/2 10YR 5/8 ab, m/1 fr/fi g albic/argic SiL
Btgl 40-50 40 5Y 6/2 10YR 5/6 ab, m fi g argic SiL
Btg2 50-70 60 G1 5/5GY 7.5YR 5/8 ab, m fi g argic CL Basal layer
2CBtg 70-100 80 G1 6/5GY 7.5YR 5/6 ab/sb,m  fi SiL

Explanations: structure: vfi — very fine, fi — fine, m — medium, ab — angular blocky, gr — granular, pl - platy, sb — subangular blocky; consistence (moist): vrf — very
friable, fr — friable, fi- firm; Horizon boundary: c - clear, g — gradual, s — smooth, w — wavy; texture: SiL - silt loam, CL - clay loam, SCL - sandy clay loam, SL - sandy
loam, L - loam, SiCL - silty clay loam; LM - loess mantle, MZ - mixed zone, BL - basal layer; * according to Kowalska et al. (2022).
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Table 3
Particle size distribution and density of the studied soils.*.
Profile  Horizon Depth Sand Silt Clay Sum of fraactions Texture
(em) veS ¢S ms 5 viS cSi fsi fracion  gond  sile classes USDA
2-1 1-0.5 0.5-0.25 0.25-0.1 0.1-0.05 0.05-0.02 0.02-0.002 <0.002 2-0.05 0.05-0.002
%
Endoskeletic Luvisol (Episiltic, Raptic)
LS1 Ap 0-18 0 1 3 5 9 25 40 17 18 65 SiL
LS1 AE 18-45 0 1 3 5 7 27 38 19 16 65 SiL
LS1 2Btgl/E 45-78 0 1 1 2 9 27 35 25 13 62 SiL
LS1 2Btg2/E 78-95 1 3 4 4 8 23 33 24 20 56 SiL
LS1 3BC 95-112 9 16 12 17 8 8 11 19 62 19 SL
LS1 3BC 95-112 0 1 1 2 8 29 40 19 12 69 SiL
(wedges)
Endoskeletic Luvisol (Magnesic, Raptic)
LS2 Ah 0-4 n. n.d n.d n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
d.
LS2 AE 4-14 0 1 2 2 14 36 36 9 19 72 SiL
LS2 E 14-19 1 2 2 2 15 34 33 11 22 67 SiL
LS2 EB 19-33 1 2 1 1 17 26 27 25 22 53 SiL
LS2 2Btl 33-45 0 1 3 4 10 25 29 28 18 54 SiCL
LS2 2Bt2 45-68 0 1 4 4 10 25 28 28 19 53 SiCL
LS2 3BC 68-86 0 1 3 5 22 15 25 29 31 40 CL
Katoskeletic Alisol (Raptic)
LS3 Ah 0-3 3 3 8 9 10 39 22 6 33 61 SiL
LS3 ABw 3-8 1 2 4 4 10 40 33 6 21 73 SiL
LS3 Bw(t) 8-30 1 2 3 5 8 34 35 12 19 69 SiL
LS3 2Bt 30-50 2 2 3 4 7 35 34 13 18 69 SiL
LS3 2BC 50-70 4 3 5 5 9 32 30 12 26 62 SiL
LS3 3BC 70-110 21 17 16 12 9 7 10 8 75 17 SL
LS3 3CR 110-130 32 15 10 9 6 8 15 5 72 23 SL
Endoskeletic Luvisol (Episiltic. Endoloamic. Raptic)
LS4 AE 0-20 1 2 4 4 13 30 38 8 24 68 SiL
LS4 EB 20-36 1 3 6 8 11 27 25 19 29 52 SiL
LS4 2Btgl 36-64 3 8 8 13 8 10 24 26 40 34 L
LS4 2Btg2 64-81 5 14 20 19 5 7 12 18 63 19 SL
LS4 2BC 81-105 7 14 11 12 7 5 19 25 51 24 SCL
LS4 2BC 81-105 3 8 10 13 10 13 21 22 44 34 CL
(wedges)
Eutric Luvic Albic Folic Stagnosol (Pantosiltic. Ochric.)
LS5 Ah 0-4 n. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
d.
LS5 AEg 4-14 1 4 5 5 6 29 42 8 21 71 SiL
LSS5 Eg 14-28 2 5 5 4 9 30 34 11 25 64 SiL
LS5 Eg/Btg 28-40 1 4 5 5 6 25 30 24 21 55 SiL
LS5 Btgl 40-50 1 2 5 5 7 24 32 24 20 56 SiL
LS5 Btg2 50-70 1 3 4 4 7 24 35 22 19 59 SiL
LS5 2CBtg 70-100 1 5 8 11 7 14 24 30 32 38 CL

Explanations: n.d. — not determined; * according to Kowalska et al. (2022).

kg’l) and exchangeable Ca (13.6-18.4 cmol(+) - kg’l). Such a high
calcium content may have been the result of past cultivation. The soils
LS4 and LS5, which developed on glaciofluvial sediments and a basalt
slope cover, exhibited a heterogeneous basic cation content along the
soil profile (2.72-27.6 cmol(+) - kg’l). The vertical distribution of
dithionite-extractable Fe (Fegq) was highly variable. The highest Feq
content was observed in soils LS1 and LS5 (Table 4). Interestingly, the
Feq content increased with increasing soil depth. Soil LS2 and LS4 were
depleted in Feq in the E and 2Btg2 horizons, respectively. The 2Bt ho-
rizon of soil LS3 was enriched in Fey (Table 4). More heterogeneous
values were measured with the oxalate-extractable Fe and Al (Fe, and
Al,). However, a slight accumulation of Fe, was noted in the subsoils, e.
g., horizons 2Btl1 of LS2, EB of LS4, and Eg/Btg and Btgl of LS5
(Table 4). The soils LS3 and LS5 showed a decrease in Al, with
increasing soil depth, whereas the horizons 2Btg1/E, E and 2Btglof LS1,
LS2, and LS4, respectively, showed a slight accumulation of Al,
(Table 4).

4.3. Soil geochemistry

The Hf and Zr contents in the loess mantle and mixed zone of LS1,
LS2 and LS3 always exceeded 8 and 237 mg'kg ™!, respectively (Table 5),
suggesting the presence of an aeolian silt admixture (Scheib et al., 2014;
Waroszewski et al., 2018a). In soil LS4, only the loess mantle showed
clear aeolian signatures because the basal layer exhibited lower values
for Hf and Zr (1.3-3.3 and 39.9-118.7 mgkg !, respectively). An
aeolian silt admixture was potentially present along the whole soil
profile of LS5, where the Hf and Zr contents were 10.6-13.0 and
381.0-481.5 mg'kg™}, respectively (Table 5). All soils were charac-
terised by a moderate to high SiO5 content (50.8-83.1 %, Table 5).
Generally, SiOy decreased with soil depth while AlyO3 increased. The
mixed zone and the basal layer of LS4 had a relatively high Fe,Os
content compared to the other soils 5.02-8.86 wt% (Table 5). Further-
more, the MgO content was much higher in LS2 than in the other profiles
(1.25-6.23 wt%), particularly in the basal layer. LS4 exhibited relatively
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Table 4
Selected chemical properties of the investigated soils.*.
Profile Horizon Depth (cm) TOC pH H,O Ca Mg K Na S BS Feyq Fe, Al, Fe,/Feq
(%) cmol(+) kg™! g kg? (%)

Endoskeletic Luvisol (Episiltic, Raptic)

LS1 Ap 0-18 1.57 6.44 17.6 1.73 0.97 0.52 27.3 n.d. 0.80 0.23 0.06 0.28
AE 18-45 1.22 6.3 16.0 1.52 0.64 0.49 25.0 n.d. 0.81 0.14 0.05 0.18
2Btgl/E 45-78 0.29 7.35 18.4 2.06 0.3 0.57 28.1 n.d. 1.12 0.20 0.08 0.18
2Btg2/E 78-95 1.18 7.15 16.0 2.74 0.3 0.52 27.1 n.d. 1.03 0.19 0.07 0.19
3BC 95-112 0.13 6.01 14.4 2.99 0.32 0.49 235 n.d. 1.27 0.07 0.04 0.06
3BC (wedges) 95-112 0.18 7.57 13.6 1.64 0.18 0.46 23.0 n.d. n.d. n.d. n.d. n.d.

Endoskeletic Luvisol (Magnesic, Raptic)

LS2 Ah 0-4 2.39 4.24 9.53 6.06 0.71 0.69 16.9 n.d. 0.65 0.27 0.10 0.41
AE 4-14 1.88 4.5 0.97 1.65 0.12 0.45 3.19 n.d. 0.73 0.28 0.09 0.38
E 14-19 0.63 4.8 0.62 2.36 0.13 0.50 3.61 n.d. 0.41 0.29 0.19 0.71
EB 19-33 0.36 4.79 1.05 2.16 0.26 0.57 4.03 n.d. 0.65 0.23 0.08 0.35
2Bt1 33-45 0.38 5.96 0.80 2.60 0.37 0.60 4.37 n.d. 0.77 0.40 0.09 0.52
2Bt2 45-68 0.22 6.28 0.56 2.26 0.38 0.54 3.74 n.d. 0.87 0.26 0.11 0.3
3BC 68-86 0.24 6.43 0.87 3.61 0.40 0.59 5.47 n.d. n.d. 0.28 0.10 n.d.

Katoskeletic Alisol (Raptic)

LS3 Ah 0-3 5.71 4.02 2.22 0.85 0.39 0.22 3.70 n.d. 0.18 0.16 0.19 0.91
ABw 3-8 4.51 4.38 1.76 0.56 0.23 0.18 2.70 n.d. 0.35 0.29 0.17 0.84
Bw(t) 8-30 1.19 4.49 1.44 0.47 0.11 0.09 2.10 n.d. 0.34 0.17 0.17 0.51
2Bt 30-50 0.67 4.61 1.28 0.46 0.10 0.09 1.90 n.d. 0.85 0.12 0.13 0.14
2BC 50-70 0.34 4.53 0.96 0.25 0.13 0.08 1.40 n.d. 0.37 0.06 0.10 0.17
3BC 70-110 0.31 4.28 1.12 0.50 0.12 0.08 1.80 n.d. 0.43 0.05 0.12 0.1
3CR 110-130 0.24 4.08 0.96 0.48 0.13 0.09 1.70 n.d. 0.54 0.02 0.10 0.04

Endoskeletic Luvisol (Episiltic, Endoloamic, Raptic)

LS4 AE 0-20 1.02 5.3 4.72 1.09 0.17 0.19 6.18 87 0.43 0.27 0.11 0.62
EB 20-36 0.39 5.3 7.52 1.66 0.15 0.26 9.59 90 0.51 0.35 0.12 0.69
2Btgl 36-64 0.18 5.32 16.0 5.29 0.12 0.39 21.8 91 0.89 0.17 0.15 0.19
2Btg2 64-81 0.08 5.22 8.4 4.09 0.11 0.29 12.8 90 0.49 0.10 0.08 0.21
2BC 81-105 0.09 5.2 12.8 5.77 0.09 0.42 19.0 96 0.85 0.13 0.09 0.15
2BC (wedges) 81-105 0.13 5.3 18.4 7.48 0.11 0.51 26.5 96 0.68 0.13 0.10 0.19

Eutric Luvic Albic Folic Stagnosol (Pantosiltic, Ochric,)

LS5 Ah 0-4 3.43 5.3 15.2 9.67 2.34 0.46 27.6 95 n.d. n.d. n.d. n.d.
AEg 4-14 2.56 3.76 1.60 0.79 0.12 0.21 2.72 36 0.67 0.21 0.07 0.32
Eg 14-28 0.39 4.23 2.24 1.96 0.11 0.23 4.54 58 0.96 0.21 0.07 0.22
Eg/Btg 28-40 0.19 4.57 5.92 6.99 0.20 0.35 13.4 89 1.04 0.34 0.07 0.33
Btgl 40-50 0.29 4.58 7.36 9.08 0.26 0.37 17.0 92 1.98 0.34 0.07 0.17
Btg2 50-70 0.14 5.16 7.60 9.61 0.23 0.44 17.8 99 0.87 0.19 0.05 0.22
2CBtg 70-100 0.16 5.42 9.60 14.02 0.21 0.52 24.3 99 1.35 0.21 0.05 0.16

Explanations: Note: TOC - soil organic carbon, BS — base saturation, Fe,/Al, — oxalate extractable Fe/Al, Feyq/Al4 — dithionite extractable Fe/Al; * according to

Kowalska et al., (2022).

high values of MgO, CaO and NayO (Table 5). In the soils LS1, LS2 and
LS3, the K20 and TiO5 contents generally increased with depth whereas
in soils LS4 and LS5, an opposite trend was observed (Table 5).

4.4. Meteoric 1°Be contents and soil erosion rates

4.4.1. Meteoric 1%Be in the soil profiles

The °Be contents ranged from 0.52 x 108 (horizon Ah of soil 1.S3) to
4.54 % 10® atoms g’1 (horizon 3BC of LS2). The content and distribution
of meteoric °Be varied with different patterns along the profiles. In
profiles LS2 and LS3, '°Be increased with soil depth, becoming
maximum in the BC horizon (Table 6, Fig. 2), whereas LS1 and LS4
showed the opposite trend (Table 6). However, a slight increase in °Be
was observed in horizon 2Btg1/E of soil LS1 (2.53 x 10° atoms g},
Fig. 2) and 2BC of LS3 (1.87 x 108 atoms g™, Fig. 2). A different trend
was detected in profile LS5, where 1°Be content generally increased with
soil depth, reaching 3.55 x 108 atoms g~ (Fig. 2) in the Btgl horizon,
and then decreased towards the bottom of the soil profile. Similar to soils
LS1 and LS3, a clear accumulation of 1°Be in horizon Btg1 of LS5 horizon
was noted. Except for profiles LS1 and LS4, other soils showed depletion
of 1%Be in the topmost horizons.

4.4.2. Soil erosion rates using 10Be

Several procedures were applied to calculate the erosion rates (Sec-
tion 3.5). Irrespective of the approach used, the highest rates were ob-
tained for soil LS3. Depending on the assumed soil age and precipitation
rates, the erosion rates varied greatly from 0.11 to 3.27 tha ! yr™1). LS1
and LS2 had the lowest erosion rates. Usually, higher erosion rates were
obtained using the approach of Lal (2001) and the indifferent deposition
rates over time according to Willenbring and von Blanckenburg (2010)
(Table 7). The lowest erosion rates were obtained using the approach
Zollinger et al. (2017), a soil age of about 14kyr and a low precipitation
(25% of the Holocene rates) during the late Pleistocene. As a conse-
quence, the removed loess layer varied greatly between about 1 dm up
to about greater than 6 m (Table 7). A removal of loess material more
than 6 m, however, seems rather unlikely.

In addition, as soil formation must have started after the LGM and
Oldest Dryas when climate was more favourable (Malkiewicz et al.,
2016; Waroszewski et al., 2020) and when no additional aeolian sedi-
ments were deposited, the rates calculated using a soil age of 14 kyr
seem to be more realistic. The removed loess over the entire period of
soil formation accounts for a few dm to about 3 m.
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Table 5
Content of major and selected trace elements (Hf and Zr).*.
SiO4 Al,O3 Fe,03 MgO CaO NaO K>0 TiOy P,0s MnO Cry03 Hf Zr Rb
(%) mg-kg™

Endoskeletic Luvisol (Episiltic, Raptic)

LS1 Ap 76.6 8.6 2.62 0.62 0.65 0.82 2.49 0.73 0.18 0.08 0.009 14.3 533.2 84.40
AE 77.4 8.74 2.63 0.61 0.59 0.84 2.49 0.74 0.16 0.09 0.009 15.1 558.7 84.60
2Btgl/E 74.7 10.5 3.68 0.87 0.68 0.78 2.56 0.77 0.09 0.05 0.011 12.4 517.7 97.30
2Btg2/E 74.3 10.7 3.90 0.93 0.62 0.87 2.69 0.73 0.10 0.04 0.011 10.7 407.1 101.1
3BC 70.6 13.6 3.48 1.05 0.35 1.57 4.17 0.39 0.06 0.04 0.005 5.40 186.5 167.8

Endoskeletic Luvisol (Magnesic, Raptic)

LS2 AE 79.7 6.36 2.24 1.50 0.43 0.90 1.99 0.72 0.04 0.03 0.040 15.6 605.3 56.7
E 80.3 7.12 2.80 1.55 0.42 0.87 2.12 0.76 0.04 0.05 0.048 17.6 656.2 62.0
EB 75.5 9.68 3.97 1.35 0.34 0.78 2.36 0.73 0.06 0.05 0.036 13.3 491.3 80.3
2Bt1 72.6 10.2 5.17 2.26 0.33 0.81 2.22 0.73 0.06 0.07 0.065 12.8 487.6 82.9
2Bt2 71.8 9.97 5.29 3.17 0.38 0.82 2.10 0.69 0.04 0.09 0.076 11.1 421.0 78.3
3BC 67.0 9.16 6.67 6.23 0.34 0.61 1.64 0.57 0.02 0.10 0.155 7.60 292.6 70.2

Katoskeletic Alisol (Raptic)

LS3 ABw 79.1 6.38 1.66 0.25 0.29 0.81 1.96 0.68 0.05 0.02 0.008 13.5 504.0 59.20
Bwl (1) 82.3 7.24 1.80 0.31 0.31 0.87 2.09 0.70 0.03 0.04 0.009 13.5 521.7 58.40
2Bt 82.7 7.64 1.90 0.36 0.32 0.93 2.27 0.70 0.03 0.03 0.008 13.4 509.5 67.00
2BC 82.0 8.10 1.99 0.42 0.32 1.09 2.46 0.67 0.02 0.03 0.009 13.2 509.9 74.20
3BC 71.1 149 2.22 0.42 0.09 3.66 3.68 0.47 0.03 0.02 0.004 5.70 200.4 107.1
3CR 65.2 18.5 2.70 0.51 0.05 3.90 4.54 0.50 0.03 0.01 0.002 5.20 152.8 158.0

Endoskeletc Luvisol (Episiltic, Endoloamic, Raptic)

LS4 AE 79.2 8.21 2.38 0.50 0.53 0.92 2.32 0.72 0.08 0.11 0.010 13.6 493.8 73.2
EB 78.2 9.27 3.21 0.64 0.52 0.84 2.25 0.67 0.05 0.05 0.012 11.8 457.0 75.7
2Btgl 58.7 17.1 7.88 2.03 2.03 0.66 1.29 0.70 0.03 0.05 0.041 3.3 118.7 43.8
2Btg2 69.9 13.1 5.02 0.89 1.01 1.15 1.85 0.64 0.03 0.06 0.017 2.6 84.80 61.7
2BC 57.7 18.6 7.49 1.18 1.58 1.39 2.04 1.14 0.03 0.12 0.034 2.0 50.60 61.6
2BC (wedges) 50.7 21.1 8.86 2.29 2.68 0.75 0.98 0.79 0.01 0.13 0.069 1.3 39.90 30.7

Eutric Luvic Albic Folic Stagnosol (Pantosiltic, Ochric,)

LS5 Eg 83.0 7.23 1.82 0.38 0.44 0.9 2.16 0.8 0.07 0.02 0.01 13.0 481.5 89.1
Eg/Btg 75.9 9.76 4.11 0.74 0.53 0.87 2.16 0.8 0.04 0.04 0.014 10.0 381.7 86.3
Btgl 74.7 10.4 3.78 0.86 0.58 0.85 2.27 0.82 0.05 0.03 0.015 12.0 432.2 76.9
2CBtg 64.7 129 7.38 1.34 0.91 0.74 1.8 1.35 0.13 0.14 0.034 10.6 403.5 74.9

Explanations:* according to Kowalska et al., (2022).

5. Discussion

5.1. Distribution of meteoric 1°Be in polygenetic soils on different basal
substrates

Atmospheric 1°Be in loess-bearing slope deposits was variably
distributed with irregular profile patterns (Fig. 2). The content of
meteoric 1°Be in the loess mantles of the soils was relatively low
(0.61-2.33 x 10® atoms cm’z, Table 6) when compared to other aeras
having similar setting (Jagercikova et al., 2015). However, as the loess
deposits in the study area are relatively young (14.2-23.0 ka) (War-
oszewski et al., 2020, 2021) the concentrations of 108 are in the ex-
pected range. Moreover, the studied soil profiles on the slope were
constantly subjected to mixing and redistribution. Thus, they often show
a distinct variability and irregular distribution of meteoric 10Be with
depth (Table 6). Also, pedogenic processes, such as eluviation and illu-
viation greatly favour intra-site differences of the '°Be distribution
(Willenbring and von Blanckenburg, 2010).

Once deposited from atmosphere, °Be atoms reach the soil surface
and firmly attach to fine particles such as clay and soil organic material
(Boschi and Willenbring, 2021; Graly et al., 2011; Willenbring and von
Blanckenburg, 2010) as these fractions offer a large surface area for
meteoric °Be adsorption (Chen et al., 2020; Maejima et al., 2005;
Wallbrink and Murray, 1994). Atmospheric °Be may then undergo
vertical translocation via illuviation (Jagercikova et al., 2015; War-
oszewski et al., 2018b). This phenomenon was observed in all soils with
active leaching (LS2, LS3, and LS5; Fig. 2). In both cases, an enrichment

of 1%Be was detected in the subsoil (horizons 2BC and 2Btg1 in soils LS3
and LS5, respectively, Fig. 2), indicating that at least part of 1°Be was
translocated through clay illuviation which is typical for Luvisols (Calitri
et al., 2019; Marquard et al., 2019).

A different distribution of meteoric '°Be was noted in LS1 and LS4,
where its content decreased from the topsoil to the subsoil (Fig. 2). A
slight influence of clay migration was observed as the °Be content
weakly increased in the 2Btgl/E horizon (Fig. 2). The deposition of
aeolian silt particles progressively formed a thick loess mantle on the
land surface (0-78 cm, Table 2), which favoured the surface accumu-
lation of meteoric 1°Be (Wyshnytzky et al., 2015). Similar trends of °Be
have also been reported for some soils of the Karkonosze Mountains
(southwest Poland, Waroszewski et al., 2018b) and the Gordon Gulch
(Colorado, USA, Wyshnytzky et al., 2015). However, this pattern sug-
gests an earlier stage of pedogenesis, where the majority of °Be atoms
have not yet been translocated by clay particles or recent accumulation
of aeolian silt. Alternatively, the decreasing contents of meteoric °Be in
the subsoil might be a result of the relative increase in the sand fraction
(Fig. 2, Table 3) (Chen et al., 2020; Shen et al., 2004) because sand
grains have a much lower °Be adsorption capacity (Aldahan et al.,
1999; Chen et al., 2020). Considering the position of LS1 on the slope
(shoulder, Table 1), the addition of meteoric 10Be-enriched soil material
from upslope due to downslope transport may have significantly
increased the total Be inventory (Marquard et al., 2019; Wyshnytzky
et al., 2015).

The highest concentration of 1°Be at LS4 was detected in the loess
mantle (2.20 and 1.97 x 108 atoms/g in the AE and EB horizons,
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Table 6
Atmospheric °Be concentrations and errors of the different profiles.

Profile Horizon Depth (cm) Bulk density (g~cm‘3) Fine earth weight (g-cm'z) 10Be (108 at g'l) Soil skeleton (%) 10ge per horizon (10% at ecm™) Error (%)

LS1 Ap 0-18 1.35 24.3 2.33 +£ 0.07 0 27.15 2.90
AE 18-45 1.23 33.2 2.31 + 0.07 2 35.79 2.92
2Btgl/E  45-78 1.28 42.2 2.53 + 0.07 0 27.86 2,92
2Btg2/E  78-95 1.48 25.1 1.87 £ 0.05 25 6.19 2.92
3BC 95-112 1.57 26.7 0.96 + 0.03 60 0.00 2.90
LS2 Ah 0-4 0.85 3.4 0.75 + 0.02 0 2.56 2.96
AE 4-14 1.18 11.8 0.52 + 0.02 0 6.19 3.05
E 14-19 1.23 6.1 1.74 £+ 0.05 0 3.28 2,92
EB 19-33 1.36 19.0 3.29 £ 0.10 10 35.58 2.92
2Bt1 33-45 1.45 17.4 3.41 +£0.10 40 23.01 2.90
2Bt2 45-68 1.49 34.3 3.74 £ 0.11 60 0.00 2.90
3BC 68-86 1.53 27.5 4.54 £ 0.13 75 0.00 2.90
LS3 Ah 0-3 0.97 291 0.52 + 0.02 5 1.45 2.99
ABw 3-8 1.01 5.05 0.55 + 0.02 5 2.66 2.95
Bw(t) 8-30 1.29 28.3 0.88 + 0.03 10 22.49 3.32
2Bt 30-50 1.44 28.8 1.28 + 0.04 40 1.27 2,93
2BC 50-70 1.55 31.0 1.87 £ 0.05 60 8.13 2.90
3BC 70-110 1.43 57.2 1.29 + 0.04 70 0.00 2.90
LS4 AE 0-20 1.22 24.40 2.20 £+ 0.06 5 22.98 2.90
EB 20-36 1.31 20.96 1.97 £+ 0.06 20 12.66 2.90
2Btgl 36-64 1.46 42.34 1.77 £ 0.05 70 7.15 2.90
2Btg2 64-81 1.35 22.95 1.05 £ 0.03 70 7.20 2.90
2BC 81-105 1.41 33.84 1.17 £ 0.03 70 0.00 2.90
LS5 AEg 4-14 1.27 12.70 0.61 + 0.02 10 7.01 3.00
Eg 14-28 1.34 18.76 1.02 £ 0.03 15 16.24 3.40
Eg/Btg 28-40 1.41 16.92 1.64 + 0.05 30 5.13 2.90
Btgl 40-50 1.47 29.40 3.55+0.10 60 27.47 2.92
Btg2 50-70 1.51 30.20 1.99 + 0.06 80 4.64 2,92
2CBtg 70-100 1.59 47.70 1.42 +0.04 80 0.00 2.93

Explanations: erosion = positive values; accumulation = negative values. ” equation according to Zollinger et al., (2017) based on the mean precipitation (mm/y) at
the studied area; 2 equation according to Zollinger et al., (2017) based on the minimum precipitation (mm/y) at the studied area; * equation according to Zollinger
etal., (2017) based on the maximum precipitation (mm/y) at the studied area; ) equation according to Zollinger et al., (2017) based on the mean precipitation (mm/y)
at the studied area and the and the annual deposition rate according to Willenbring and von Blanckenburg (2010); > equation according to Lal (2001). The erosion
rates were calculated for an expected soil age of 21 ka for the studied area (Waroszewski et al., 2020); 6) the removed loess layer was calculated based on the
approximate age of soil (Waroszewski et al., 2021) and the equation according to Zollinger et al., (2017) based on the mean precipitation (mm/y) at the studied area.

Table 7
Estimated soil erosion rates based on scenario calculations: a) assuming a soil age of 14 kyr (Waroszewski et al., 2020, 2021) or b) a soil age of 21 kyr (Waroszewski
et al., 2020, 2021) and derived removal of the loess over the entire period.

C1: Erosion rates (t ha™ yr'l) C2: Erosion rates (t ha” C3: Erosion rates (t ha™! yr') Overall min. and max. erosion rates (t Removed of loess layer (m)
Lyt hal yrl

Soil age 14 ka 21 ka 14ka 21ka 14 ka 21 ka 14 ka 21 ka 14 ka 21 ka

Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max
LS1 0.11 025 021 0.57 0.61 1.03 070 078 054 072 011 078 0.21 1.03 0.12 086 0.34 1.68
LS2 0.32 0.42 0.31 0.56 0.68 0.90 0.62 0.69 0.48 0.64 0.32 0.69 0.31 0.90 0.42 0.90 0.60 1.74
LS3 1.88 217 154 227 295 3.27 1.83 201 141 187 1.83 295 141 3.27 238 384 272 6.30
LS4 0.78 093 067 1.05 1.34 1.58 110 121 084 1.12 078 134 067 1.58 0.83 1.43 1.06 249
LS5 0.67 0.83 0.60 1.00 1.24 1.53 1.46 1.61 1.12 1.49 0.67 1.61 0.6 1.53 0.71 1.71 0.94 2.40

Erosion = positive values; accumulation = negative values.

C1) Calculation according to Zollinger et al., (2017) and using 25% (min.) and 75% (max.) of Holocene’s annual precipitation during the Pleistocene (Heyman et al.,
2013).

C2) Calculation according to Zollinger et al., (2017) and annual deposition rates (indifferent over time) according to Willenbring and von Blanckenburg (2010); and
using 25% (min.) and 75% (max.) of Holocene’s annual precipitation during the Pleistocene (Heyman et al., 2013).

C3) Calculation according to Lal (2001).

respectively). Although the soil LS4 had a well-developed Bt horizon, the '%Be in the basal layer remains unknown. We hypothesised that i) the
10Be gradually decreased with depth. Unlike soils LS3 and LS5, there was friable or very friable consistency (Table 2) of soil LS4 may have fav-
no enrichment of meteoric '°Be in the subsoil (Bt horizon) owing to oured an easy displacement of meteoric '°Be and its final presence even
illuviation. Considering the morphology of soil LS4 (Table 2) and the in the deepest layers of the soil (Wyshnytzky et al., 2015) or ii) the high
lack of a mixed zone, it was assumed that the material (loess and gla- 10Be content is due to the exposure of the basal layer for a long time prior
ciofluvial sediments) was not sufficiently mixed; therefore, the source of to being covered by loess (pre-exposure and, thus, inheritance).
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Consequently, the upper part of soil LS4 might have started to accu-
mulate atmospheric 10B¢ after the LGM.

The meteoric °Be content at LS2 did not decrease with depth
(Table 6). Its high values at the bottom of LS2 (3.41-4.54 x 108 atoms/! g,
Fig. 2, Table 6) suggest that the serpentinite slope deposits are an old
paleo-surface exposed to cosmogenic isotope accumulation for a longer
period. Since the majority of the loess in the area of Lower Silesia was
deposited during the Last Glacial period (Waroszewski et al., 2020), the
deposition of meteoric 10B¢ on the uncovered serpentinite regolite must
have started much earlier.

We assumed that the former well-developed upper loess mantle of
LS2 (Table 7) was redeposited and eroded, resulting at a later stage in
the development of a Luvisol. Loess was probably added during
reworking and mixing on the slope, leading to the loss or displacement
of a significant part of °Be into the mixing zone (Yang et al., 2020). It
seems rather unlikely that loess influenced the entire °Be distribution
along the profile, as no other signs indicated the same (neither the grain
size distribution nor the Hf and Zr contents, Table 5). It cannot be ruled
out that part of 1°Be was translocated by illuviation because an argic
horizon was recognised in LS2 (Table 2). The slight increase in the clay
content (Table 3) and Feq (Table 4) towards the bottom may suggest
leaching during pedogenesis (Gu et al., 1996; Marquard et al., 2019).
This assumption is supported by the relatively low pH values within the
loess mantle and mixed zone of LS2 (4.2-4.8, Table 4) (Gu et al., 1996).

5.2. Erosion rates of loess—-mantled soils

It is difficult to unambiguously estimate long-term soil erosion rates
of soils developed on highly reworked slopes. Although the soils were
located in one region (Fig. 1), the range of the obtained erosion rates was
relatively high and depended on the assumed environmental parameters
(Table 7). The long-term erosion rates were partially within the range of
tolerable erosion rates for European soils (0.3-1.4 tha~! yr™1, Verheijen
et al., 2009 and references therein). The steepest slopes were expected to
exhibit the highest erosion rates (and the lowest meteoric 10ge content)
(e.g., Puchol et al., 2014). However, the calculated long-term erosion
rates were not always consistent with the relief (Table 1). Furthermore,
the hillslope position may greatly influence erosion rates. It was
assumed that the shoulder and back slope were subject to the greatest
erosion rates, whereas the summit position has the least erosion (Vanini
and Amini, 2017). The highest soil erosion rates were measured at the
summit/shoulder of the slope (LS3, LS4, Table 7), where inclination was
low (2-3°, Table 2). Surprisingly, it decreased in the middle- and back-
slopes (LS5 and LS2), which were characterised by a higher inclination
(especially at LS2, Table 7) compared to the other sites. This contradicts
other studies, e.g., Loba et al. (2021).

The high erosion rates at LS3 and LS4 were also reflected by the
calculated loss of the loess mantles with 0.8 to 3.8 m, respectively
(Table 7; 14 kyr). The loess cover at these sites is currently ~ 40 cm thick
(Table 2). Regardless of the calculation model used, the estimated
erosion rates were highest for soil LS3 (and soil LS4, Table 7). The
highest long-term erosion rates for LS3 were surprising because, for over
three centuries, this site has been covered by a forest that should have
increased the resistance to erosion (Alewell et al., 2015; Breshears et al.,
2003).

The obtained erosion rates for LS3 and LS4 would fit better to erosion
rates calculated for the Karkonosze Mts (Lower Silesia, Poland, War-
oszewski et al., 2018b). The values were considerably high for the sites
at relatively low elevations (Table 1). The erosion rates matched the
results of Alewell et al. (2015) who investigated highly eroded soils
(affected by deforestation and cattle) in the Central Swiss Alps. The loss
of a major part of the loess mantle at LS3 and LS4 is most likely related to
the position along the slope (summit/shoulder) and a lack of additional
loess colluviation from the upslope created an imbalance between sup-
ply and material removal.

The mid- and back-slopes of LS5 and LS2, respectively, exhibited
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high erosion rates. Due to the highest slope inclination at these sites
(8-12°, Table 1), these soils are considered to be particularly prone to
mass transport (Sanjuan et al., 2014; Vanini and Amini, 2017). The
erosion rates were generally lower than those at sites LS3 and LS4, which
suggests that land use is a decisive factor. Mass wasting and runoff
processes, which probably occurred during late MIS2, contributed to a
high loss of the loess cover in the long-term, so that the threshold values
of erosion for forest soils in Europe (Cerdan et al., 2010; Verheijen et al.,
2009) were exceeded.

Site LS1 exhibited lower erosion rates (0.11 — 0.78 t ha™* yr’1 when
assuming a 14 kyr soil age and 0.34 — 1.68 tha™! yr™!, when assuming a
soil age of 21 kyr; Table 7). These values are closer to the lower limit of
the erosion rate range calculated for Karkonosze Mts. (Waroszewski
et al., 2018b) and below the tolerable erosion rates for Europe (Ver-
heijen et al., 2009). The loess mantle at LS1 had the highest content of
cosmogenic 10ge (2.33-2.31 x 108 atoms g’l, Table 6). The shoulder
position and low slope certainly helped preserving the soil and loess
mantle. The current 78 cm thick loess mantle of LS1 (Table 2) is rela-
tively deep compared to the other sites that have a loess cover of only
28-33 cm (Table 2).

Regardless of the site position on the slope, the erosion rates are often
relatively high. Using cosmogenic in-situ °Be, Loba et al. (2021) esti-
mated long-term erosion rates of soils on loess to 0.46 to 0.85 t ha™?
yr~L. The profiles LS3-LS5 exhibited about a double high rate. Modern
clay illuviation created well-developed Bt horizons usually between 33
and 95 cm and a depletion zone that persisted even as an independent
horizon (profiles LS2 and LS4). This indicates that post-pedogenic
erosion was not very high. The calculated thickness of the loess man-
tles suggests that a few dm to about 3 m were removed. A considerable
part of this loss can probably be attributed to pre-pedogenic loess
erosion or a stage at which soil cover by plants was incomplete.

5.3. Stability and recovery of the loess mantles on the different basal
substrates

The morphology of soils developing from loess-bearing slope de-
posits indicates their complexity (Fig. 2). Aeolian silt contributes to soil
formation and creates starting conditions for pedogenesis (Waroszewski
et al., 2018b, 2020). We hypothesised that alternating phases of loess
deposition and slope erosion occurred during the Late Glacial and Early
Holocene, which most likely changed the original thickness of the loess
mantles.

Although pedogenesis was constantly interrupted by multiple accu-
mulation and erosion events (reworking), Luvisols could develop
(Table 1). In such thick loess mantles, it seems impossible that the soils
underwent only one phase of pedogenesis. The calculated primary
thickness of the loess mantles, together with the contemporary
morphology of the soils, suggests that the Luvisols underwent at least
two phases of pedogenesis. This assumption matches the hypothesis
suggested by Waroszewski et al. (2020) on the Sleza Massif soils (Lower
Silesia) where traces of illuviation during both the Late Glacial and Early
Holocene were recognised. Based on this, we suggest four main phases
that shaped today’s loess-mantled soils:

1) Pre-exposure to °Be accumulation: At least some of the un-
derlying substrates hold significantly more '°Be than those accumulated
in the topsoil, for example LS2. However, these materials did not reveal
clear features of clay translocation. Therefore, it seems that such slope
sediments persisted on slopes for a long time before the Late Pleniglacial
and received a substantial input of meteoric 10Be,

2) Loess deposition: the pre-exposed material was covered with
loess. The main loess deposition phases took place in Lower Silesia in the
Upper Pleniweichselian (MIS2) (Moska et al., 2011, e.g., Bialy Kosciot
loess-paleosol sequence). The strength of loess-blowing/spreading was
high enough to affect even locally isolated basins (e.g., the Ktodzko
Basin, Fig. 1). We excluded soil formation during the main loess depo-
sition episodes because of their high rates and conditions that did not
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allow for a leaching of carbonates.

3) Erosion event: In a further stage, the original thick loess mantles
were subjected to erosion during and after the Late Pleniglacial glacial
(Fig. 3; Rea et al., 2020). At some sites, the redistribution processes seem
to have been intense and contributed to a significant shallowing of the
loess mantles (e.g., LS3). Waroszewski et al. (2020) provided strong
evidence of such redeposition processes in a thin loess cover (dated to
14.2 ka, Oldest Dryas) hosting Alisol; therefore, the erosion events must
have occurred before the starting point of pedogenesis. Based on our
data it is impossible to determine the onset of the erosion or separate it
into individual phases. Slope instability caused the translocation of the
silty mantle to lower topographic positions and, at the same time, the
supply medium for the soils located at shoulders/backslope positions
(soils LS2 and LS5; Drohan et al., 2020; Fig. 3). During the Late Glacial,
high morphological slope activity was possible due to the palaeoclimatic
conditions with dry summers and very cold winters with deep winter soil
frost that favour solifluction and slope wash processes (Veit et al. 2017).

4) Soil formation followed by modern soil erosion (Holocene):
With the end of climate cooling in the Younger Dryas, environmental
and ecological conditions were more favourable. According to Veit et al.
(2017), near-surface processes became less intense during the Early
Holocene ~ 7.5 ka, the slopes were stabilised and natural conditions
minimised slope-wash processes (Fig. 3). As a result of the climatic and
topographic conditions and the lack of periglacial slope processes, soil
development continued (Veit et al., 2017). This phase of intensive
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pedogenesis in soils from loess was also reported by Waroszewski et al.
(2020) who showed micromorphological evidence from modern Bt ho-
rizons (well-developed microlaminated clay coatings) indicating the
main period of Luvisol development in the area of Lower Silesia. Holo-
cene clay eluviation and illuviation in Lower Silesia were also reported
by Kabata et al. (2019).

With the advent of agriculture and in particular its mechanisation
and industrialisation during the last few decades, soil erosion rates
increased again dramatically giving rise to very high losses. Loba et al.,
(2021) reported short-term (last few decades) rates of up to 10 times
(1.17 - 10.93 t ha™! yr’l) higher than long-term (millenia) rates for
loess areas of Central Europe.

6. Conclusions

The distribution of meteoric 1°Be in the soil profiles with loess over
granite or basalt slope sediments was affected by clay translocation
which contributed to its accumulation in the subsoil. However, the soils
developed on loess overlying Permian sandstone showed a gradually
decreasing content of '°Be with depth, suggesting an earlier stage of
pedogenesis with no translocation by clay particles. The decrease in 1°Be
with depth on glacio-fluvial sediments was favoured by the friable or
very friable consistency of the soils that contributed to an easier leaching
of 1°Be. The noticeably high amount of °Be in the serpentinite basal
layers may derive from '°Be atmospheric input prior to the major loess
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(>LGM) (30-21ka) (21-11.6 ka) (>11.6 ka)
Uy 10Be soil agriculture
4 \\ \ // formation erosion (>6 ka)
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Fig. 3. Model of thin loess mantles transformation and pedogenesis in SW Poland.
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deposition during the Last Glacial Maximum.

The loess mantles on granite and glacio-fluvial sediments were
eroded the most, also reflected in the high reduction of their initial
thickness. The erosion rates are often related to the position along the
slope. Although the mid- and back-slope locations and the position with
the highest inclination were considered to be more prone to erosion, the
loess overlying the basal regolite and serpentinite revealed lower
erosion rates. The most stable loess mantle was found on the Permian
sandstone.

We used several scenarios for modelling soil erosion rates. The most
reasonable erosion rates are achieved when assuming that precipitation
rates in the Pleistocene were about 25% of those of the Holocene. The
soil erosion and thus soil redistribution rates were comparatively high.

The evolution of loess-mantled soils encompasses several phases.
Thick loess mantles developed between 30 and 21 ka (the main loess
accumulation period in the region). Erosion processes occurred after
loess mantle stabilisation and contributed to a considerable change in
their original thickness. There is evidence of a Lateglacial clay trans-
location for some of the sites. The Holocene pedogenesis took place
within an already thinner loess layer, which was later further shallowed
due to agricultural practices.
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