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A B S T R A C T   

Loess landscapes are highly susceptible to soil redeposition processes and thus may provide detailed insights into 
the record of denudation processes. Using optically stimulated luminescence dating and the soil micromor
phology of 12 soil profiles, we reconstructed a complete record of denudation processes in south-western Poland. 
The first episode of soil redeposition took place around 9.1 ka. The denudation events that followed were 
attributed to the Neolithic (6.4 ± 0.3 ka), early Bronze Age (3.8 ± 0.2 ka), early and late Middle Ages (1.5 ± 0.1 
ka and 0.7 ± 0.03 ka, respectively) and early Modern (0.4 ± 0.02 ka). As a consequence of the denudation 
processes, the soil cover in the studied area had been strongly reshaped. The predominant Luvisols had expe
rienced progressive erosion processes that led first to a significant shallowing of the eluvial and argic horizons 
(truncated Luvisol) and, after some time, to their complete removal. Further thinning of the loess mantles had 
exposed geological substrates with very weak pedogenic alternations, thus pushing their transformation towards 
Regosol types. Similarly, Regosols occurred in toeslopes where freshly eroded material had been deposited, and 
where diagnostic horizons had not yet developed. Modern soil erosion rates in the studied loess area have 
considerably increased, and it is estimated that the Luvisol status may be completely transformed within 
approximately 80–300 years, if not sooner, due to progressive climate change.   

1. Introduction 

Denudation processes understood as a surface lowering of the land 
by erosion and near-surface processes, lead to a significant landscape 
modifications (Karasiewicz et al., 2014; Raab et al., 2021). In agricul
tural landscapes and hill county, the soil erosion is essential for denu
dation (Meij et al., 2019; Raab et al., 2018). Erosion processes 
disintegrate and remove topsoil from the upslope and deposit the 
transported material in the toe slope, where it forms colluvial soils. 
Thus, as a consequence irreversible changes occur in the natural struc
ture, physical, chemical and morphological features of these soils and 
their corresponding horizons as well as their distribution in the land
scape (Kaiser et al., 2021; Matecka and Świtoniak, 2020; Pindral and 

Świtoniak, 2017; Zádorová et al., 2014; Zádorová and Penížek, 2018). 
One of the materials most susceptible to denudation processes is 

loess (Poręba et al., 2019; Šimanský et al., 2019; Zhang et al., 2018b), 
sediment that is widespread on a global scale (Muhs, 2013). In Europe, 
loess deposits occur from France to Ukraine and Russia (Haase et al., 
2007; Lehmkuhl et al., 2021; Scheib et al., 2014) with their most intense 
accumulation having occurred during the Last Glacial Maximum (LGM) 
in Marine Isotope Stage (MIS) 2 (Frechen, 2003; Jary, 1996). Since the 
Neolithic, soil erosion/deposition processes have been accelerated in the 
loess-covered areas due to deforestation and the use of that land for 
arable (Altermann et al., 2005; Gerlach et al., 2012; Kołodyńska- 
Gawrysiak et al., 2017). These changes in land use occurred because 
most fertile soils, such as Chernozems and Pheozems, characterised by a 
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thick, dark humus (chernic/mollic) horizon, have developed in loess 
belts (Altermann et al., 2005; Drewnik et al., 2014; Gerlach et al., 2012; 
Labaz et al., 2018; Smetanová et al., 2017). 

Much has been written about erosion and redeposition processes in 
soils bearing chernic (and mollic) horizons developed in loess- 
dominated landscapes in the Czech Republic (Smetanová et al., 2017; 
Zádorová et al., 2011), Germany (Altermann et al., 2005; Gerlach et al., 
2012), Poland (Drewnik and Żyła, 2019; Kabała et al., 2019), Ukraine 
(Dreibrodt et al., 2022; Łanczont et al., 2021) and Russia (Khokhlova 
et al., 2015). Erosion processes thin humus-rich horizons and, as a result, 
their colour is greatly lightened (Drewnik and Żyła, 2019). Conse
quently, the criteria for chernic/mollic horizons are not met and the soils 
are transformed into Luvisols (Kabała et al., 2019; Labaz et al., 2018). 
These are still fertile soils because of their high saturation with alkaline 
cations and favourable hydro-physical properties (Glina et al., 2014; 
Rejman et al., 2014a; Turski and Witkowska-Walczak, 2004; Vitharana 
et al., 2008). However, they are intensively used in agriculture and thus 
exposed to further degradation (Klimowicz and Uziak, 2001). Erosion 
and soil degradation are issues specifically highlighted in the European 
Parliament’s resolution on soil protection from 2021 (European Parlia
ment, 2021) and the Food and Agriculture Organization’s (FAO) state
ment of 2019 (FAO, 2019). Thus, detailed actual research on this topic is 
still needed. 

Using knowledge on soil erosion rates, soil conservation practices 
can be optimised (Alewell et al., 2017). Erosion processes have been 
widely studied in loess landscapes using isotope techniques, such as 
beryllium-10, cesium-137, plutonium-239/240, excess lead-210, δ13C, 
δ15N, and classical methods, including closed depressions and the Uni
versal Soil Loss Equation, in France, Germany, Belgium, Poland, China 

and the USA (Baumgart et al., 2017; Dreibrodt et al., 2013, 2010b; 
Gillijns et al., 2005; Jagercikova et al., 2015, 2014; Jakab et al., 2018; 
Kołodyńska-Gawrysiak et al., 2018; Li et al., 2005; Liu et al., 2018; Loba 
et al., 2022, 2021; Poręba et al., 2019, 2015; Tuo et al., 2018; Van Oost 
et al., 2003; Yu et al., 2017; Zhang et al., 2018a; Zhang et al., 2019). The 
data obtained on soil erosion may be supported by dating techniques, 
such as radiocarbon (14C) dating of soil organic matter, charcoals from 
colluvial sediments or optically stimulated luminescence (OSL), which 
can provide information concerning when the constituent mineral grains 
were last exposed to sunlight, thus providing an age for the sediment (re) 
deposition (Fuchs et al., 2010; Kołodyńska-Gawrysiak et al., 2017; 
Novák et al., 2018; Poręba et al., 2011; Rahimzadeh et al., 2019; Zgło
bicki and Rodzik, 2007). Such approaches enable the reconstruction of 
erosion–deposition events, an analysis of the evolution of relief in the 
Pleistocene and Holocene, and the modelling of past environmental 
dynamics (Döhler et al., 2018; Kołodyńska-Gawrysiak et al., 2018; Malik 
et al., 2021; Poręba et al., 2019; Rahimzadeh et al., 2019; Scherer et al., 
2021). 

Recent studies have shown that progressive climate change and 
agricultural intensification accelerate erosion processes (Kopittke et al., 
2019; Kundzewicz and Matczak, 2012; Loba et al., 2021; Radziuk and 
Świtoniak, 2021; Routschek et al., 2014; Zollinger et al., 2015), and 
therefore the status of Luvisols occurring in the loess landscapes is un
certain. In order to track past and present changes in Luvisols we aimed 
to: i) reconstruct time-intervals of denudation processes using OSL 
dating; ii) outline the soil development trajectories forced by denudation 
processes; and iii) calculate the approximate timing of the disappear
ance of the Luvisols. 

Fig. 1. Study sites in the Trzebnica Hills and inversion models for two Electrical Resistivity Tomography sections.  
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2. Methods 

2.1. Study area and sampling strategy 

The study area was situated in south-western Poland, around the 
edges of the Trzebnica Hills, north of Wrocław (Fig. 1, Table 1). The 
local lithology is dominated by Quaternary deposits, including glacial 
tills, fluvioglacial sediments and loess, the latter being the youngest (late 
Pleistocene) deposit, which is spread over the hills, forming a mantle 
with varying thickness (Glina et al., 2014; Jary, 1996). Most of the land 
is used for agriculture due to the presence of productive soils (Luvisols, 
Pheozems, Chernozems) (Anioł-Kwiatkowska, 1998). The study area is 
characterised by warm summers and a humid, continental climate. The 
mean annual temperature is 9.5 ◦C, while the mean annual precipitation 
ranges from 500 to 620 mm (Bac and Rojek, 2012). 

Two soil transects were arranged along slopes that bore visible fea
tures of erosion and accumulation processes. Profile WK1 was a common 
point for both transects (Fig. 1), with the first transect including Profiles 
WK1–WK7, and the second WK1 and WK8–WK12. Drilling down to 70 
cm between the soil profiles was done in order to assess the thickness of 
the loess mantle and the disappearance of the E and Bt horizons. All soil 
profiles were described according to the Guidelines for Soil Description 
(FAO, 2006) and classified according to the FAO–World Reference Base 
(WRB) system (IUSS Working Group WRB, 2022). From all designated 
soil horizons, about 1 kg of bulk material was sampled for chemical and 
physical analysis. Additionally, 15 samples were taken for OSL dating 
from selected horizons by hammering steel tubes into the freshly cleaned 
outcrop walls, with 12 undisturbed samples being taken for micromor
phological investigation using Kubiena boxes (6 × 4 cm). 

2.2. Electrical resistivity tomography 

The ERT measurements allow for a visualisation of the variability of 
the geological structure of the shallow ground and distinction of the 
main lithological units (Fig. 1). Electrical resistivity tomography (ERT) 
was carried out as part of the fieldwork (Kasprzak and Traczyk, 2014), 
and included zones of previously made soil profiles and drillings. The 
survey campaign took place in rain-free weather conditions and on 
moist, vegetation-free soil. An ARES II device, with a set of cables 
enabling the simultaneous connection of 80 electrodes distributed along 

the measured section, was used to perform the measurements. The 
measurements were taken in two sections, one 595 m long (Section AB), 
using rolling cables, and the other 315 m long (Section CD), and reached 
a maximum depth of about 75 m. In both cases, the distance between the 
electrodes was 5 m. This was also the resolution of the data obtained 
from the near-surface layer, whereas, in the deeper part of the profile, 
the resolution decreased. The measurements were made using the 
Schlumberger method––regarded as relatively universal for recognizing 
both vertical and horizontal structures in the subsurface––which also 
offers a relatively large number of combinations of electrodes and thus 
measurement points (Reynolds, 2011). The data were subjected to a 
smooth type of inversion (L2) using RES2DINV software (Geotomo, 
Malaysia), which included a topographic correction. Results are pre
sented for the fifth iteration, with the colour scale unified for both 
inversion models. The interpretation of the obtained models was based 
on data from available geological sources (Krzyszkowski and Łabno, 
2002; Winnicki, 1997), including a geological map with explanatory 
notes (Winnicki, 1990, 1985) and nearby boreholes data (Central 
Geological Database). 

2.3. Soil micromorphology 

Sampled soil blocks were left to air-dry. They were then embedded in 
polyester resin (T.R.A., Finress) and left to cure for 2–4 weeks at room 
temperature, after which, 1–2-cm-thick slabs were cut from the blocks 
and trimmed to match the dimensions of a glass slide. The cut side of the 
embedded block was polished using diamond paste. The grinding and 
polishing on a diamond wheel were performed manually and checked 
regularly under the microscope until quartz interference colours 
matching a 30-µm-thick thin section were obtained. The thin sections 
were prepared at the University of Ghent (Laboratory for Mineralogy 
and Petrology). The thin sections were observed in both plane and 
polarised light using a Zeiss Axio Lab A1 transmitting-light microscope 
and were described according to the terminology of Stoops (Stoops, 
2003). 

2.4. Particle size distribution 

The particle size distributions between 0.4 and 2000 μ m were 
measured following sample dispersion for 12 h on a rotator using 1% 

Table 1 
Main characteristics of studied sites.  

Soil 
profile 

Latitude and 
longitude 

Elevation  
(m asl) 

Inclination  
(◦) 

Slope 
position 

Land use Classification according 
to WRB (IUSS, 2022) 

Horizons layout 

WK1 51◦ 16′ 09.0′′ N 
17◦ 02′ 36.7′′ E  

206.8 4 Top slope Arable 
land 

Albic Luvisol (Aric, Cutanic, Ochric, Siltic) Ap – AE – E – EBtg – Btg1 – Btg2 

WK2 51◦ 16′ 06.3′′ N 
17◦ 02′ 38.3′′ E  

198.2 10 Shoulder Arable 
land 

Haplic Luvisol (Aric, Cutanic, Endodensic, 
Endoloamic, Ochric, Episiltic, Raptic) 

Ap – A/Bt – Bt/BC – BC1 – BC2 – 
2Btb – 2Bt/2BCb 

WK3 51◦ 16′ 02.6′′ N 
17◦ 02′ 37.6′′ E  

191.8 13 Shoulder Arable 
land 

Lamellic Luvisol (Aric, Cutanic, Ochric, Siltic) Ap – AE – Bt1 -Bt2 – BC 

WK4 51◦ 15′ 59.3′′ N 
17◦ 02′ 37.4′′ E  

187.1 10 Back slope Arable 
land 

Stagnic Albic Luvisol (Aric, Cutanic, Ochric, Siltic) Ap – AE – E – Ebt – Bt/E – Bt -BC 

WK5 51◦ 15′ 56.6′′ N 
17◦ 02′ 38.5′′ E  

181.1 5 Back slope Arable 
land 

Albic Luvisol (Aric, Cutanic, Ochric, Siltic) Ap -AEg – Eg – EBtg – Btg - BC 

WK6 51◦ 15′ 50.8′′ N 
17◦ 02′ 41.3′′ E  

176.1 3 Foot slope Arable 
land 

Haplic Luvisol (Aric, Cutanic, Endoloamic, Ochric, 
Episiltic, Solimovic) 

Ap – AE – Eg – Ab – AEb – EBgb1 
– EBgb2 - BCg 

WK7 51◦ 15′ 51.0′ ′ N 
17◦ 02′ 41.0′ ′ E  

170.2 2 Toe slope Arable 
land 

Eutric Solimovic Regosol (Aric, Ochric, Episiltic) Ap – AE – Eg – 2EBg1 – 2EBg2 – 
3C – 4C 

WK8 51◦ 16′ 08.5′′ N 
17◦ 02′ 42.0′′ E  

198.1 7 Shoulder Arable 
land 

Haplic Luvisol (Aric, Cutanic, Endoloamic, Ochric, 
Episiltic, Raptic) 

Ap – Bt – Bt/BC – 2BCk1 – 2BCk2 

WK9 51◦ 16′ 07.1′′ N 
17◦ 02′ 45.8′′ E  

193.7 12 Shoulder Arable 
land 

Eutric Regosol (Aric, Endoloamic, Ochric, Episiltic) Ap – BCk1 – BCk2 

WK10 51◦ 16′ 05.2′′ N 
17◦ 02′ 47.5′′ E  

191.4 7 Back slope Arable 
land 

Haplic Luvisol (Aric, Cutanic, Endoloamic, Ochric, 
Episiltic, Raptic) 

Ap1/Bt – A2/Bt – Bt -BC1 – BC2 

WK11 51◦ 16′ 03.8′′ N 
17◦ 02′ 50.4′′ E  

188.9 3 Back slope Arable 
land 

Haplic Luvisol (Aric, Cutanic, Ochric, Siltic) Ap/Bt – Bt/Ap – BC – BC1 – BC2 

WK12 51◦ 16′ 03.0′′ N 
17◦ 02′ 50.0′′ E  

185.6 2 Foot slope Arable 
land 

Endostagnic Solimovic Eutric Regosol (Pantosiltic, 
Ochric) 

A/C – A – BC1g – BC2g  
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ammonium hydroxide and a Beckman–Coulter LS 13 320 laser diffrac
tion analyser at the Leibniz-Institut für Angewandte Geophysik in 
Hannover, Germany 

2.5. OSL dating 

Samples for OSL dating were prepared under subdued red-light 
conditions. The soil material from the outer ~ 2 cm of both sides of 
the sampling tubes was removed and used for dose-rate determination. 
Material from the inner part of the tubes was treated with 10% HCl to 
dissolve the carbonates, 3% sodium oxalate to separate the aggregates 
and 30% H2O2 to remove the organic matter. The fine silt size fraction 
(4–11 μ m) was separated by sedimentation based on Stoke’s law. To 
obtain a pure quartz fraction for measurement, the sample was treated 
with 40% H2SiF6 acid for 5 days in order to dissolve any remaining 
feldspars. Fine silt polymineral and quartz extracts were deposited on Al 
discs (2 mg/disc). All measurements were performed using an auto
mated luminescence reader (Risø TL/OSL-DA-15) equipped with a 
90Sr/90Y beta source for irradiation. For the polymineral fraction, 
infrared (870 ± 40 nm) LEDs were used for stimulation, and lumines
cence signals were detected through a combined filter pack with blue 
transmission (Schott BG-39 and Corning 7–59). For the quartz fraction 
blue LEDs (470 ± 30 nm) were applied for stimulation, and the lumi
nescence signals were detected through a 7.5 -mm Hoya U-340 filter 
with UV transmission. The single-aliquot regenerative (SAR) dose pro
tocols used for dating are shown in Table 2. A low-temperature post-IR 
IRSL (pIRIR) dating protocol was applied to the polymineral fraction, 
preheat to 200 ◦C for 60 s and then with a first IR stimulation at 50 ◦C 
(IR50) for 100 s and a second IR stimulation at 170 ◦C (pIRIR170) for 100 
s’ (Li et al., 2015; Reimann et al., 2011). The first 10 s signal of the decay 
curve was integrated for equivalent dose (De) estimation with the last 
10 s subtracted as background. Six aliquots were measured for each 
sample. All the aliquots showed good luminescence characteristics, 
including high signal intensity (Tn > BG + 3σ), a recycling ratio within 
10% of unity, and a recuperation ratio of less than 5%. No aliquot was 
rejected in De estimation. Fading rates (g-values) of the IR50 and 
pIRIR170 signals were measured using the SAR protocol (Auclair et al., 
2003). Fading correction was performed following the method of 
Huntley and Lamothe (2001), using the ‘calc_FadingCorr’ function in the 
‘Luminescence’ R package (Kreutzer et al., 2012). To test the reliability 
of the SAR protocol for the De measurements, samples LUM4248, 
LUM4253 and LUM4259 were used for dose recovery tests. Five aliquots 
from each sample were bleached using a Hönle solar simulator (SOL2) 
for 2 h to remove the natural signal. Two aliquots were used to measure 
the residual dose and three aliquots were given doses of 50.0, 28.5 and 
10.7 Gy for LUM4248, LUM4253 and LUM4259, respectively. Then the 
aliquots were treated as natural aliquots in order to measure the De. The 
recovered doses (residual dose subtracted) were within 5% of the given 

doses for both the IR50 and pIRIR170 signals (Fig. 2). 
For the quartz fraction, the preheating treatment involved 220 ◦C for 

10 s, with the OSL signal measured at 125 ◦C for 40 s. The first 0.5-s 
signal of the decay curve was used for De estimation, with the last 3.2- 
s signal subtracted as background. For each sample, 10–12 aliquots 
were measured. Similarly, to the polymineral analysis, the OSL char
acteristics of the quartz samples were very good and all aliquots passed 
the rejection criteria. An IR depletion ratio test was performed on each 
sample and no feldspar contamination was identified (Duller, 2003). A 
high preheating temperature can induce a thermally transferred OSL 
signal and result in De overestimation, whereas a low preheating tem
perature may not be able to remove the unstable signals of the regen
erative doses, thereby resulting in De underestimation (Wintle and 
Murray, 2006). To test whether the preheating temperature of 220 ◦C 
was suitable for the quartz De measurements, the De values of two 
samples (LUM4253 and LUM4259) were measured using different pre
heating temperatures, ranging from 160 to 280 ◦C, with an interval of 
20 ◦C. This demonstrated that a De plateau could be reached using 
preheating temperatures between 180 and 220 ◦C (Fig. 3a, b). A dose 
recovery using different preheating temperatures was performed on 
LUM4249. A group of aliquots from LUM4249 were bleached in natural 
sunlight for 30 min in April 2021, in Hannover, Germany. A fixed dose of 
14.3 Gy was given to the bleached aliquots. The aliquots were divided 
into seven groups (with three aliquots in each group) and measured 
using the SAR protocol and different preheating temperatures. Another 
group of aliquots were used to measure the residual doses after sunlight 
bleaching under different preheating temperatures. The residual doses 
were less than 0.1 Gy for all the aliquots. The recovered doses (residual 
dose subtracted) were divided by the given dose to obtain the dose re
covery ratios. This showed that the recovery ratios were within 2% of 
unity when the preheating temperature was between 160 and 240 ◦C 
(Fig. 3c). Similar dose recovery tests were performed on five more quartz 
samples, with different given doses from 1.4 to 61 Gy, but with a fixed 
preheating temperature of 220 ◦C. All the recovered doses were within 
5% of the given doses (Fig. 3d). These results indicate that the measured 
De values were reliable. 

The uranium (U), thorium (Th), and potassium (K) concentrations 
were measured, using gamma spectrometry to calculate the dose rates 
(Table 3). A 20% radon loss from the 238U series was assumed (Olley 

Table 2 
Protocols used for dating.  

Step pIRIR protocol for 
polymineral 

Observed Blue OSL protocol for 
quartz 

Observed 

1 Given dose Di  Given dose Di  
2 Preheat at 200 ◦C for 

60 s  
Preheat at 220 ◦C for 
10 s  

3 IRSL at 50 ◦C for 100 s Lx1 OSL at 125 ◦C for 40 s Lx 

4 IRSL at 170 ◦C for 100 s Lx2 Test dose  
5 Test dose  Cutheat to 200 ◦C  
6 Preheat at 200 ◦C for 

60 s  
OSL at 125 ◦C for 40 s Tx 

7 IRSL at 50 ◦C for 100 s Tx1 OSL bleaching 240 ◦C 
for 40 s  

8 IRSL at 170 ◦C for 100 s Tx2 Return to step 1  
9 IR bleaching at 220 ◦C 

for 40 s    
10 Return to step 1     

Fig. 2. Dose recovery tests with the pIRIR50, 170 SAR protocol. Each data point 
is an average of 3 aliquots. Samples LUM4248, LUM4253, LUM4259 were 
bleached by the SOL2 for 2 h and given doses of 50.0 Gy, 28.5 Gy, and 10.7 Gy 
respectively. The recovered doses were within 5% of the given doses. 
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et al., 1997). Conversion factors from Liritzis et al. (Liritzis et al., 2013) 
were applied. The a-value was taken as 0.04 ± 0.02 (Rees-Jones and 
Tite, 1997). The cosmic dose rate was estimated based on the sample 
depth, altitude, and geographical coordinates of each sample (Prescott 
and Hutton, 1994). Water content of 20 ± 5% was used for all samples. 

2.6. Verification of the reliability of OSL ages 

The dose rates are summarised in Table 4. It is well known that the 
quartz OSL signal is much easier to be bleached than the feldspar IRSL 
signal (Godfrey-Smith et al., 1988; Thomsen et al., 2008; Wallinga, 
2002), and that the pIRIR signal is even harder to be bleached than the 
IR50 signal (Buylaert et al., 2011; Chen et al., 2013). Because the fading- 
corrected pIRIR170 ages are always greater than the fading-corrected 
IR50 ages (Table 4), we assumed that the pIRIR170 signal of the sam
ples was not fully bleached before deposition and that the corresponding 
ages were overestimated. For most of the samples, the fading-corrected 
IR50 ages were consistent with the quartz OSL ages (age ratios within 
10% of unity, considering the error), indicating that both the IR50 and 
OSL signals were fully reset before deposition. However, for several 
samples, the fading-corrected IR50 ages were still greater than the quartz 

OSL ages, with an overestimation of up to 140% (e.g. LUM4255, 
LUM4262), indicating incomplete resetting of the IR50 signal before 
deposition. Thus, to check whether the OSL signal for these samples was 
fully reset, we applied the method proposed by Murray et al. (2012), by 
comparing the De values between the IR50 and quartz OSL signals. For a 
sample with an OSL signal that had been fully reset before deposition, 
the difference between the measured and predicted De values of IR50 
should have been less than the acceptance limit, termed as ΔF in Murray 
et al. (2012). The ΔF is dependent on the size of the measured De of the 
quartz OSL, and it can be determined based on the different bleaching 
rates of quartz OSL and feldspar IR50 signals (Murray et al., 2012). In 
Fig. 4, example data for ΔF at several different quartz De values are 
given, taken from Murray et al. (2012), and the dashed line was fitted 
using these example data. It should be noted that the expected De values 
of IR50 were calculated by multiplying the dose rates of the polymineral 
fine-grained material with the quartz OSL ages and a fading factor. 
Murray et al. (2012) applied a fading factor of 0.55, based on the study 
of Buylaert et al. (2012) which showed that the fading uncorrected IR50 
ages made up about 0.55 of the independent ages. In our study, the ratios 
of fading-uncorrected IR50 ages to fading-corrected IR50 ages were be
tween 0.80 and 0.91 for all samples, with a mean ratio of 0.84. Thus, we 

Fig. 3. a) De vs. preheat temperature of LUM4253, b) De vs. preheat temperature of LUM4259, c) Dose recovery ratio vs. preheat temperature of LUM4249, d) 
Recovered doses vs. given doses with a fixed preheat temperature at 220 ◦C. 
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applied a fading factor of 0.84 to calculate the predicted De of IR50. 
Consequently, we also adjusted the ΔF data from Murray et al. (2012), 
multiplying it by a factor of 1.53 (i.e. 0.84/0.55). It can be seen from 
Fig. 4 that all samples, except for two from profile WK7 (LUM4254, 
LUM4256), plotted below the acceptance limit, indicating that the 
quartz OSL of these samples was fully reset before deposition and that 
the quartz OSL ages were reliable. For sample LUM4260, the measured 
IR50 De was even smaller than the predicted IR50 De. The reason for this 
might be that the measured fading rate for LUM4260 was under
estimated. It should also be noted that, even when applying a fading 
factor of 0.55, as used in Murray et al. (2012), all the samples still 
plotted below the acceptance limit line. It was reasonable for Murray 
et al. (2012) to use a higher fading factor than in this study because, in 
their study, the IR50 signal was measured after a preheating treatment of 
320 ◦C. It has been widely reported that when a high preheating tem
perature (e.g. > 250 ◦C) is used, the dose recovery ratio of the IR50 using 
the SAR protocol is always underestimated due to failure of the sensi
tivity correction in the first cycle (Kars et al., 2014; Qin et al., 2018; 
Wallinga et al., 2000; Zhang, 2018). The IR50 De underestimation 
resulting from the failure of the sensitivity correction was also incor
porated into the fading factor in Murray et al. (2012). In our study, the 
preheating temperature was set at just 200 ◦C. The De was not further 
underestimated by failure of a sensitivity correction, and the fading 
factor was thus larger. 

2.7. Radiocarbon dating. 

Three samples of secondary carbonate nodules were measured by 
accelerator mass spectrometry using 1.5 SDH Compact Pelletron (Na
tional Electrostatics Corporation, Middleton, USA) at the Poznan 
Radiocarbon Laboratory. Calendar ages were obtained using the OxCal 
4.4 calibration program (Bronk Ramsey, 2009, 2001) based on the 
IntCal 13 calibration curve (Reimer et al., 2013). The calibrated ages are 
given in the 2σ range (minimum and maximum value for each) 
(Table 5). 

3. Results 

3.1. Visualisation of lithology using the ERT tool 

The ERT measurements allowed visualisation of the variability of the 
geological structure of the shallow ground and distinction of the main 
lithological units (Fig. 1). All investigated rock formations had relatively 
low electrical resistivity (Fig. 1). It was difficult to relate them directly to 
existing geological data because there were no boreholes through the 
Quaternary sediments in the vicinity of the surveyed sections. There are 
boreholes ~ 4 km to the south-east through the footslope of the studied 
hills (Pierwoszów 1) and 6 km to the north (Trzebnica IG-1), but both 
penetrate a different, higher morphological position (Winnicki, 1997, 
1990, 1985). 

Nevertheless, based on interpretations from those boreholes, it was 
assumed that the AB inversion model also represented pre-Quaternary 
sediments. These might be glacigenically deformed Miocene clays 
(Section a in Fig. 1) overlain by two or three generations of Quaternary 
sediments (Subdivisions b and c), which were interpreted as sequences 
of glacial deposits. Two thin layers of slope sediments (d) were visible in 
the ground surface zone, including thicker colluvium at the base of the 
slope (e). 

3.2. Soil classification and morphology 

The field soil survey, including the profiles (Fig. 5) and drillings, 
confirmed loess thicknesses that varied between 1 and 1.2 m in stable 
landscape positions (top slope with 4◦ inclination), where relatively 
complete Luvisols with preserved E and Bt horizons had developed 
(WK1). The rest of the studied soils revealed morphologies shaped by Ta
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denudation processes. Erosion processes led to a thinning of the loess 
mantle that had substantial morphological consequences, resulting in 
the removal of the E horizon and further incorporation of the Bt horizon 
into the Ap horizon due to ploughing (WK2, WK3, WK8, WK10, WK11). 
In extreme cases, the Bt horizon was not a master horizon but a part of a 
transitional horizon (Table 1) with a thickness of only 14 cm. Progres
sive erosion, causing a shallowing loess mantle, may have also resulted 
in the exhumation of underlying coarse-grained materials (e.g., in WK9). 
The deposition of eroded material from the upslope was recorded in the 
mid-and foot-slope positions of both transects. In the south-trending 
transect, its presence was observed in profiles WK4 and WK5, 
expressed as much thicker topsoil (A, AE and E, EB horizons), while in 
WK6, we detected a buried A horizon covered with 45 cm of slopewash 
sediment. Profile WK7 represented the stratification of fine- and coarse- 
grained (with diagonal lineation) colluvium over glacial till. In the 
eastern transect, clear morphological features of accumulation were 

Table 4 
The De values and OSL ages.  

Sample ID Profile Horizon Signal De (Gy) Apparent age (ka) g2d (%/decade) Fading corrected age (ka) Age ratio IR50/quartz 

LUM 4245 WK2 BC1 OSL 49.6 ± 1.1 16.6 ± 0.8       1.01 ± 0.08 
IR50 46.5 ± 0.4 13.5 ± 0.7 3.24 ± 0.00 16.8 ± 0.9 
pIRIR170 66.0 ± 0.4 19.2 ± 1.0 1.27 ± 0.27 20.8 ± 1.1 

LUM 4247 WK3 Bt1 OSL 45.2 ± 1.1 14.5 ± 0.7       0.92 ± 0.07 
IR50 39.4 ± 0.2 11.0 ± 0.6 2.96 ± 0.06 13.3 ± 0.7 
pIRIR170 52.3 ± 0.2 14.6 ± 0.7 1.14 ± 0.06 15.7 ± 0.8 

LUM 4249 WK4 E OSL 10.7 ± 0.1 3.8 ± 0.2       1.16 ± 0.08 
IR50 12.0 ± 0.1 3.7 ± 0.2 2.87 ± 0.04 4.4 ± 0.2 
pIRIR170 16.9 ± 0.4 5.2 ± 0.3 1.11 ± 0.08 5.6 ± 0.3 

LUM 4250 WK5 Eg OSL 26.2 ± 0.2 9.1 ± 0.4       1.39 ± 0.10 
IR50 34.1 ± 0.3 10.4 ± 0.5 3.06 ± 0.03 12.7 ± 0.7 
pIRIR170 44.6 ± 0.5 13.6 ± 0.7 1.15 ± 0.05 14.6 ± 0.8 

LUM 4251 WK5 BC OSL 40.9 ± 0.8 15.1 ± 0.7       1.00 ± 0.07 
IR50 38.2 ± 0.2 12.2 ± 0.6 3.17 ± 0.09 15.1 ± 0.8 
pIRIR170 51.7 ± 0.3 16.5 ± 0.8 1.27 ± 0.14 17.9 ± 0.9 

LUM 4252 WK6 Eg OSL 1.8 ± 0.0 0.7 ± 0.03       1.17 ± 0.08 
IR50 2.2 ± 0.1 0.73 ± 0.04 2.28 ± 0.07 0.82 ± 0.05 
pIRIR170 3.9 ± 0.1 1.30 ± 0.08 0.61 ± 0.25 1.34 ± 0.08 

LUM 4253 WK6 EBgb1 OSL 16.5 ± 0.1 6.4 ± 0.3       1.33 ± 0.09 
IR50 20.8 ± 0.2 7.1 ± 0.4 2.94 ± 0.07 8.6 ± 0.5 
pIRIR170 28.3 ± 0.3 9.7 ± 0.5 1.53 ± 0.09 10.6 ± 0.6 

LUM4255 WK7 2EBg2 OSL 3.3 ± 0.1 1.5 ± 0.1       2.43 ± 0.17 
IR50 7.5 ± 0.1 3.0 ± 0.2 3.31 ± 0.19 3.68 ± 0.2 
pIRIR170 20.2 ± 0.9 8.2 ± 0.5 1.11 ± 0.19 8.72 ± 0.6 

LUM 4257 WK8 Bt/BC OSL 48.0 ± 1.8 17.2 ± 1.0       0.93 ± 0.07 
IR50 41.1 ± 0.2 12.9 ± 0.6 3.25 ± 0.12 16.0 ± 0.8 
pIRIR170 62.1 ± 0.9 19.5 ± 1.0 0.68 ± 0.21 20.3 ± 1.1 

LUM 4259 WK10 BC2 OSL 3.5 ± 0.0 1.3 ± 0.1       1.75 ± 0.12 
IR50 6.1 ± 0.1 1.9 ± 0.1 2.67 ± 0.08 2.2 ± 0.1 
pIRIR170 11.4 ± 0.2 3.6 ± 0.2 0.78 ± 0.11 3.7 ± 0.2 

LUM 4260 WK11 BC2 OSL 60.3 ± 3.1 26.6 ± 1.8       0.78 ± 0.07 
IR50 43.7 ± 0.2 16.8 ± 0.8 3.07 ± 0.13 20.7 ± 1.1 
pIRIR170 88.0 ± 0.4 33.9 ± 1.7 1.28 ± 0.23 36.9 ± 2.0 

LUM 4261 WK12 BC1g OSL 1.2 ± 0.0 0.4 ± 0.02       1.35 ± 0.10 
IR50 1.7 ± 0.0 0.5 ± 0.03 2.08 ± 0.04 0.57 ± 0.03 
pIRIR170 4.7 ± 0.1 1.5 ± 0.08 0.09 ± 0.16 1.47 ± 0.09 

LUM 4262 WK12 BC2g OSL 4.4 ± 0.0 1.5 ± 0.1       1.88 ± 0.13 
IR50 8.2 ± 0.1 2.5 ± 0.1 2.79 ± 0.17 2.9 ± 0.2 
pIRIR170 17.7 ± 0.2 5.3 ± 0.3 1.04 ± 0.14 5.7 ± 0.3  

Fig. 4. The differences between measured and predicted De values of IR50 
plotted against the measured quartz De. The dashed line indicates the accep
tance limit. If a sample is plotted under the dashed line, it indicates that the 
quartz OSL signal of this sample has been fully bleached before deposition. 

Table 5 
Radiocarbon ages of carbonate hard nodules.  

Soil profile/ 
soil horizon 

Depth 
(cm) 

Lab code Uncalibrated 14C 
age (yr BP) 

Calibrated age (2- 
sigma range (95.4%)) 
cal BC 

WK7/4Cgk 120 Poz- 
112868 

6860 ± 50 5843–5640 

WK8/ 
2Bck2 

82 Poz- 
120446 

1700 ± 60 11718–11501 

WK9/BCk1 35 Poz- 
120447 

16020 ± 80 17587–17181  
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detected only in WK12, which had 60 cm of colluvium. Loess mantles are 
carbonate free; however, hard carbonate nodules and coatings were 
found in the glacial materials of the WK7, WK8 and WK9 sites. 

Although most of the soils had experienced erosion processes, almost 
all were classified as Luvisols (Table 1). Because the topsoil horizons did 
not meet the criteria for being mollic or chernic (too high values and 
chromas), they still (in the case of strongly eroded pedons, e.g., WK2/ 
WK3) had argic horizons. Profiles WK7, WK9 and WK12 fell into the 
Regosol reference group because no diagnostic horizons were recog
nised in these. Detailed information on the physicochemical properties 
is available in Loba et al. (2021) 

3.3. Grain size distribution 

In the profiles, the most dominant fraction was coarse silt (45–50 μ 
m) (Fig. S1), which is typical of loess deposits. However, the grain size 

distribution also indicated certain differences. Materials deposited dur
ing MIS 2 have a narrow peak range between 44 and 48 μ m, whereas 
younger sediments are bimodal (Fig. 6A), with dominant coarse silt 
(35–58 μ m) and medium sand (210–550 μ m) fractions. In the soils 
characterised by lithic discontinuities, the most pronounced fractions in 
the lower horizons tended to be in the medium sand range (102–104 μ 
m), as in WK2, or were multimodal, with their highest peaks at 8, 50 and 
120 μ m (WK8) or 7, 49 and 230 μ m (WK9). In WK6 and WK10, the 
fractions were bimodal, the highest peak being within the range of 
coarse silt (45–49 μ m) and the smaller peaks within the range of me
dium sand (370 μ m) (Fig. 6B). 

3.4. Soil micromorphology 

The thin sections revealed mostly a subangular and crumby type of 
microstructure (e.g. WK6, WK12), with vugs and plane types of voids. 
Sometimes, a void chamber type was recognised (e.g. in WK2, WK3, 
WK6). The groundmass was characterised by enaulic and porphyric 
coarse:fine (c:f) related distribution patterns, albeit with various coarse 
and fine size limits (Table S1). The b-fabric of the horizons varied from 
porostriated, to granostriated and randomly striated, with rare mono
striated to speckled or stipple-speckled patterns. The soils from the toe 
slope mostly had undifferentiated b-fabric patterns (Table S1). 

The most common pedofeatures were typic and, rarely, concentric or 
aggregate Fe-hydroxide nodules with weak and moderately 

Fig. 5. Photos and sketches presenting morphology of studied soil profiles and 
sampling positions for OSL dating with obtained ages. 

Fig. 6. Grain-size curves illustrating main modes in a) loess sediments depos
ited during MIS2 and redeposited between Prehistoric times to Modern Period, 
and b) soils with the textural contrast. 
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impregnation, and having orthic and/or anorthic character (e.g., 
Fig. 7A: c, e, h and Fig. 7B: c, d). 

The expression of clay pedofeatures differed in the soils along the 
transects. The best-developed illuviation features were recognised in 
WK2 (Bt/BC), which exhibited mostly fragmented, dense, incomplete 
and loose, continuous dusty clay infillings (Table S1), but also fine 
yellowish-brown clay coatings were found in that profile (Fig. 7A: a). 
Horizon 2Bt/2BCg of WK2 revealed more definite features related to 
clay illuviation; however, the typical coatings or infillings were not al
ways formed, with the clay occurring mostly around grains and as 
yellowish-brown, elongated, limpid aggregations of fine clays (with no 
laminations), often broken and heterogeneously distributed in the 
groundmass (Fig. 7A: b). 

The soil profiles from the middle section of the slopes (WK3, WK4, 
WK8, WK9) showed weak clay illuviation characteristics, but their 
abundance and typology differed. The Ap horizon of WK3 had a very 

high content of microlaminated coatings of limpid yellowish-brown 
clay, often disrupted and fragmented (Fig. 7A: c, d). However, some 
well-developed laminated yellowish-brown clay coatings also occurred 
(Fig. 7A: d). Moreover, a lot of fine, dense, incomplete fragmented clay 
infillings were found (Fig. 7A: c). The lower horizons (Bt1, Bt2, Bt/E) 
similarly showed microlaminated, but very small and strongly frag
mented, yellowish-brown clay coatings and single, weakly and moder
ately developed laminated clay coatings (Fig. 7A: e–g), as well as 
fragmented and small, dense, incomplete and loose continuous clay 
infillings. The illuvial clay features indicated disturbance of the illuvi
ation process, mainly due to mass wasting. We observed many illuvial 
features in the Ap horizon, as the Bt horizon was partially incorporated 
into that. Apart from occasional occurrences of non-laminated, very 
fragmented yellowish-brown coatings of illuvial clay in the Bt horizon of 
WK8 (Fig. 7B: a), there were no other signs of clay illuviation in the soils. 
Furthermore, a large quantity of geodic calcite nodules, along with 
calcitic coatings/hypocoatings, were found in the Bt/BC horizon of WK8 
(Fig. 7B: b). Profiles from the backslope and toe slopee (WK6, WK11, 
WK12), apart from very residual and fragmentary clay coatings (Fig. 7B: 
c, d), generally exhibited no pedofeatures typical of clay illuviation. 
Only the Eg and EBgb1 horizons of WK6 and BC1g of WK12 contained 
fragments of disrupted, microlaminated, illuvial reddish-brown clay 
coatings (Fig. 7A: h and 7B: e, f, respectively). Their morphology and 
size suggested an ex-situ origin, probably an effect of the slopewash. 

3.5. OSL and 14C dating 

The luminescence ages from the soil profiles represent a wide 

Fig. 7A. Microphotographs of soil thin sections showing alternating clay illu
vial pedofeatures relative to location on the slopes. (a) profile WK2, horizon Bt/ 
BC: dcc – dusty layered clay illuvial coatings, lcc – limpid layered clay illuvial 
coatings, PPL; (b) profile WK2, horizon 2Bt/2BCg: fc – yellowish-brown elon
gated fine clay aggregations, PPL; (c) profile WK3, horizon Ap: dcc – displaced 
and fragmented microlaminated limpid clay illuvial coatings, ci – dense 
incomplete, loose discontinuous clay infillings, n – weakly impregnated anor
thic Fe hydroxide nodules, PPL; (d) profile WK3, horizon Ap: llc – fragmented 
layered limpid clay illuvial coatings, r-s – random-striated b-fabric pattern, XPL; 
(e) profile WK3, horizon Bt1: dcc – fragmented layered dusty clay illuvial 
coatings, n –moderately impregnated anorthic Fe hydroxide nodules, PPL; (f) 
profile WK3, horizon Bt1: fcc – fragmented microlaminated clay illuvial coat
ings, XPL; (g) profile WK4, horizon Bt/E: dcc – fragmented microlaminated 
dusty clay illuvial coatings, lcc – microlaminated limpid clay illuvial coatings, 
PPL; (h) profile WK6, horizon EBgb1: dcc – dusty microlaminated clay illuvial 
coatings, fcc – fragmented microlaminated clay illuvial coatings, n – moderately 
impregnated anorthic Fe hydroxide nodules, PPL. Bar length = 1 mm. 

Fig. 7B. Microphotographs of soil thin sections showing alternating clay illu
vial pedofeatures relative to location on the slopes. (a) profile WK8, horizon Bt: 
lcc – fragmented microlaminated limpid clay illuvial coatings, PPL; (b) profile 
WK8, horizon Bt/BC: gn – geodic calcitic nodules, cac – calcitic coatings, cahc – 
calcitic hypocoatings, PPL; (c) profile WK11, horizon Ap/Bt–Bt/Ap: fcc – dis
placed and fragmented microlaminated clay illuvial coatings, n – weakly 
impregnated anorthic Fe hydroxide nodules, PPL; (d) profile WK11, horizon Bt/ 
Ap: fcc – strongly fragmented and microlaminated clay illuvial coatings, n – 
moderately impregnated anorthic Fe hydroxide nodules, PPL; (e) profile WK12, 
horizon BC1g: dcc – fragmented dusty clay illuvial coatings, XPL; (f) profile 
WK12, horizon BC1g: dcc – fragmented and microlaminated dusty clay illuvial 
coatings, PPL. Bar length = 1 mm. 
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timespan. Most of the ages correlated to MIS 2 (LUM 4245, LUM 4247, 
LUM 4251, LUM 4257, LUM 4260), but also to the Prehistoric times (9.1 
± 0.4 ka; LUM4250), the Neolithic (6.4 ± 0.3 ka; LUM 4253) and the 
Bronze Age (1.5 ± 0.1 ka; LUM 4249). The youngest dates relate to the 
Middle Ages and the early Modern, with a minimum age of ~ 0.4 ka 
(Table 4). Moreover, two samples (LUM4258, LUM4246) from the bot
tom parts of WK2 and WK9, respectively, were saturated with lumi
nescence signals from both quartz and feldspar because they were much 
older than the last glaciation. Radiocarbon ages for the hard carbonate 
nodules covered a broad spectrum, from 17.5 to 5.4 cal ka BP (Table 5). 

4. Discussion 

4.1. Record of denudation events 

The OSL dating suggested that the loess deposits in their lowermost 
horizons (BC and C) were LGM or late glacial in age (Table 4), which is 
typical for the thin aeolian-silt mantle in the southwestern Poland 
(Moska et al., 2019; Waroszewski et al., 2021). In the toe slopes, how
ever, the ages for the uppermost eluvial horizons indicated sediment 
redeposition along the slope due to erosional processes and their 
termination as colluvial deposits (Table 4). Based on our OSL ages, we 
assumed that the first phase of redeposition occurred ~ 9.1 ka (profile 
WK5), at the transition from the Preboreal to the Boreal. This could be 
related to cold and dry climatic oscillations that triggered natural forest 
fires and, as a consequence, soil erosion and colluviation (Dreibrodt 
et al., 2010a, 2010b; Kołodyńska-Gawrysiak et al., 2018). It seems that, 
following this event, slope-washing processes were intensified no earlier 
than the Neolithic. A record of this colluviation was detected in WK6 
(6.4 ± 0.3 ka). The acceleration of soil erosion was probably related to 
the Linear Pottery culture that settled the area of the Central European 
loess belt at that time, after which vast forested areas were gradually 
transformed into farmland (Dreibrodt and Bork, 2021; Gerlach et al., 
2012; Poręba et al., 2011; Starkel et al., 2013). Also, the burning (slash 
and burn) practices to prepare arable lands and obtain high crop yields 
that were typical during the Neolithic may have increased soil erosion 
rates (Gerlach et al., 2012). However, we did not find pyrogenic features 
in the studied soils. Later, another phase of redeposition occurred that 
was recorded in WK4 (LUM 4249). This particular phase was attributed 
to the transition from the Early to Middle Bronze Age (3.8 ± 0.2 ka), 
when the climate was cold and humid (Dotterweich, 2008) and there 
was an expansion of the human population and farming activities 
(Kołodyńska-Gawrysiak et al., 2017; Rejman and Rodzik, 2006). How
ever, colluvial sediments corresponding to this period have been found 
in Germany and other parts of Poland (Döhler et al., 2015; Kołodyńska- 
Gawrysiak et al., 2018, 2017; Poręba et al., 2011), whereas, in south- 
west Poland, there is a lack of such data. The ages from WK6, WK7 
and WK10 correspond to the early (1.5 ± 0.1 ka to1.3 ± 0.1 ka) and late 
(0.7 ± 0.03 ka) Middle Ages. At the beginning of the Middle Ages, the 
climate was warm and temporarily dry, however, in the later period, the 
summers were wet and rainy, leading to flooding (Dotterweich, 2008; 
Dreibrodt and Bork, 2021). The signal for the last episode of soil erosion 
(WK12) came from the early Modern (0.4 ± 0.02 ka) and corresponded 
to the Little Ice Age, when the temperature decreased and precipitation 
rates increased, and mass processes on slopes were consequently 
accelerated (Starkel, 2005). 

The progressive denudation led to the exhumation of deposits older 
than the loess that is not suitable for dating due to their saturated 
luminescence signals. These deposits include the lowermost horizons of 
WK2 (LUM4246) and WK9 (LUM4258). Denudation intensity is also 
expressed in grain size composition. Soil has a limited infiltration ca
pacity, so, during intensive rainfall, surface runoff occurs and sediment 
is transported in the flow (Morgan, 2005; Wacha et al., 2018). The 
redeposited sediments (Fig. 6A) had dominant coarse silt fractions but 
also exhibited peaks in medium sand. The climate during this time was 
humid/wet (Starkel, 2005), and thus favourable to erosion processes 

because the highest detachment of soil particles is at the beginning of a 
storm and the transport capacity is reached very quickly (Morgan, 
2005). Such conditions enabled the transport of medium-sand-sized 
particles that could have originated from coarser loess deposits or 
older substrates, such as glaciofluvial materials, that occurred in the 
upper/middle slope positions. 

The broad time over which the sediments were redeposited is in 
agreement with the findings from other studies on Central Europe. For 
instance, Dotterweich et al. (2012), Kołodyńska-Gawrysiak et al. (2018), 
Dreibrodt et al. (2013) and Scherer et al. (2021) reported colluvial de
posits from eastern Poland and Germany as corresponding to the 
Neolithic and Bronze Age, respectively. The erosion/deposition pro
cesses were intensified in the Middle Ages due to the development of 
new tools for agriculture, which enabled the expansion of arable land, as 
presented by Dreibrodt and Bork (2021), Dreibrodt et al. (2013), Poręba 
et al. (2011), Döhler et al. (2015), Dotterweich (2008) and Dotterweich 
et al. (2013, 2012). In the late Middle Ages, climatic anomalies, such as 
long, cold winters and wet rainy summers, probably also affected the 
intensity of soil erosion (Dreibrodt and Bork, 2021; Starkel, 2005). 
Furthermore, the increase in land-use intensity continued into the 
beginning of the Modern Times (Dreibrodt and Bork, 2021), then 
becoming amplified in the 20th century due to agricultural mechani
zation (Kopittke et al., 2019). 

The denudation processes, however, were nonlinear on the convex 
(first transect) and concave (second transit) slopes of the study site. The 
age of the colluvium materials varied considerably in a catenary 
arrangement. For example, the colluvium making up the topsoil in WK4 
and WK5 had a wide age range of deposition––3.8 ± 0.2 ka and 9.1 ±
0.4 ka, respectively. In the second transect, young colluvium (1.3 ± 0.1 
ka) in WK10 was followed by a much older bed (~26.6 ± 1.8 ka) in 
nearby WK11. This diversity in the OSL ages supports a dynamic 
denudation system and reveals the presence of multiple erosion/accu
mulation events that occurred in the Holocene. This illustrates their 
utility in the reconstruction of environmental change because they 
enable the tracing of denudation events and can identify which layer/ 
horizon was redeposited/truncated. 

4.2. Disappearance of Luvisols 

In loess areas, soils with or without erosion features create a mosaic 
pattern along sloping regions that are shaped by denudation processes. 
The loess was deposited as thick sediments around the LGM in Lower 
Silesia and, according to the radiocarbon ages of hard carbonate nod
ules, they were decalcified during two older phases ~ 17 and 11 ka, 
while the youngest decalcification took place around 5 ka (Table 5). At 
the end of the Pleistocene/early Holocene, Chernozems (Altermann 
et al., 2005; Eckmeier et al., 2007; Kabała et al., 2019; Kołodyńska- 
Gawrysiak et al., 2017; Labaz et al., 2018) most likely developed in the 
loess. We can hypothesise that they were preserved until the Neolithic 
(Kabała et al., 2019), at which point they began to degrade into Luvic 
Chernozems/Pheozems and finally into Luvisols (Drewnik and Żyła, 
2019; Zádorová et al., 2014). This last step in their transformation was 
evidenced in our study site, with Luvisols being the dominant soil group, 
revealing varied morphologies as a result of multiple erosion/accumu
lation events, dependant on the dynamics of slope processes. In the 
middle slope and toe slope sections (WK4, WK6, WK7), colluvial mate
rials (Neolithic/Bronze Age/Medieval) served as a substrate for the 
development of thick eluvial horizons. In the slope zones where soil 
erosion reached its peak, a progressive shallowing of the loess mantle 
was observed, and consequently, a significant modification of the soil 
morphology took place. Thus, truncated Luvisols developed as a direct 
effect of eluvial horizon mixing due to ploughing into the Ap horizon 
(WK3). However, more extreme cases existed, where argic horizons (Bt) 
were incorporated into surface humus horizons (WK2, WK10, WK11). In 
such situations, the A horizons contained clay coatings (Fig. 7) origi
nating from the aggregates of the Bt horizon being dragged up during 
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agricultural activities. With time, there was a progressive shallowing of 
the Bt horizons, leading to their complete disappearance. Further thin
ning of the loess mantle resulted in the exhumation of older sediments, 
such as glacial tills and glaciofluvial substrates, with no, or very weak, 
pedogenic alternations (WK9), which led to transformation of the soil 
into Regosols (Fig. 8). Eroded material was transported downslope and 
was usually deposited in toeslope positions, forming colluvial soils. The 
relatively deep colluvium (WK12), being a fresh substrate, may have 
contained some clay coatings inherited from the eroded Bt horizons 
(Fig. 7B), but did not have any diagnostic horizons, meaning that it also 
fell into the Regosol soil reference group. In the young morainic land
scape of northern Poland, this kind of direct exposure of the Bt horizon 
at the soil surface resulted in the formation of Calcisols or Regosols 
(Radziuk and Świtoniak, 2021; Świtoniak et al., 2016) and led to severe 
modifications of organic matter and nutrient pools. In Central Europe a 
transformation of Luvisols due to shallowing of Bt horizons as a conse
quence of intense soil erosion processes and formation of colluvial soils 
in the lower parts of slopes is also observed in catenary research of loess 
areas of Czechia (Strouhalová et al., 2020; Zádorová et al., 2014, 2013; 
Zádorová and Penížek, 2018), southwestern Germany (Leopold et al., 
2011; Scherer et al., 2021; Terhorst, 2000), eastern Poland (Klimowicz 
and Uziak, 2001; Paluszek, 2013; Rejman et al., 2014b, 2014a; Rejman 
and Iglik, 2010), southern Poland (Dudek et al., 2022; Glina et al., 2014; 
Labaz et al., 2022, 2018; Poręba et al., 2015), Belgium (Nachtergaele 
and Poesen, 2002; Rommens et al., 2005), France (Jagercikova et al., 
2015, 2014; Krekelbergh et al., 2020) and in young morainic landscape 
of western Lithuania (Jarašiūnas et al., 2020). 

Recent research on short-term erosion rates conducted on soils 
developed from loess deposits, by Loba et al. (2021), clearly showed that 
modern soil erosion rates have considerably increased and considerably 
exceed soil production rate, and therefore soil transformation will move 
towards the disappearance of productive Luvisols in arable landscapes. 
The soil degradation resulting from erosion events causes a shallowing 
of the loess solum, depletion in organic matter and nutrients and a 
reduction in crop productivity, mostly due to a decrease in the retention 
capacity for plant-available water (Glina et al., 2014; Paluszek, 2010; 
Rejman and Iglik, 2010) that is usually stored in the Bt horizons that are 
being actively eroded. 

Short-term erosion rates, quantified using 239+240Pu fallout radio
nuclides (Loba et al., 2021), present an opportunity to speculate about 

the approximate timing of the disappearance of the Bt horizons 
(Table S2). Soil degradation seems to have been the most intense in 
WK2, WK8 and WK10, where the soil class may have significantly 
changed within ~ 200, 130 and 80 years, respectively. In these profiles, 
soil erosion was at its peak, already has led to a distinct shallowing of the 
loess mantle. In the other profiles, the prognosis seems to be slightly 
better, with the Bt horizon possibly having disappeared after 300 years. 
However, it needs to be borne in mind that these calculations are based 
on values calculated in the present day. Progressive climate change, 
causing soil drying and less frequent, but more intense, rainfall events, 
may lead to an increase in erosive events (Routschek et al., 2014; 
Zádorová and Penížek, 2018; Zollinger et al., 2015). Therefore, the 
disappearance of Luvisols may be even more accelerated. Thus, the 
effective application of anti-erosive treatments and sustainable land use 
is crucial to the protection of vital soil resources. 

5. Conclusions 

The luminescence (OSL) dating enabled to reconstruction time in
tervals of denudation processes in the studied loess area. In total, five 
soil redeposition phases took place starting from 9.1 ka. Other phases 
occurred ca. 6.4 ka, 3.8 ka, 1.5–0.7 ka and 0.4 ka. Due to the progressive 
denudation processes, the soil cover in the study area was very dynamic. 
Most likely, at the beginning of the Holocene, soils bearing chernic/ 
mollic horizons developed in the loess mantle, which later, as a result of 
erosional/depositional processes, transformed into Luvisols. Modern 
soil erosion rates increased considerably, causing the removal of the 
eluvial and argic horizons, thus transforming the Luvisols into Regosols. 
This soil degradation causes a shallowing of the loess mantle, depletion 
in organic matter and nutrients and a reduction in crop productivity. 
Based on soil erosion rates, we calculate that the soil class may signifi
cantly change within ~ 80–300 years, although progressive climate 
change may intensify the erosion events, thus further accelerating the 
disappearance of the fertile loess mantle and Luvisols. Therefore, it is 
necessary to apply effective anti-erosion treatments, making landowners 
aware of the risks caused by erosion and thus implementing the Euro
pean Parliament resolution on soil protection. 

Fig. 8. Hypothetical pathways of soil evolution resulting from denudation processes in loess areas in Central Europe. (The model starts from the Chernozem/ 
Pheozem predominating in the European loess belt during Late Glacial/early Holocene as showed by Labaz et al. (2018) and Kabała et al. (2019). 
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Starkel, L., Michczyńska, D.J., Krąpiec, M., Margielewski, W., Nalepka, D., Pazdur, A., 
2013. Progress in the holocene chrono-climatostratigraphy of Polish territory. 
Geochronometria 40, 1–21. https://doi.org/10.2478/s13386-012-0024-2. 

Stoops, G., 2003. Guidlines for analysis and description of soil and regolith thin section/. 
Soil Science Society of America Inc, Madison, Wisconsin, USA.  
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Zádorová, T., Žížala, D., Penížek, V., Čejková, Š., 2014. Relating extent of colluvial soils 
to topographic derivatives and soil variables in a luvisol sub-catchment, Central 
Bohemia. Czech Republic. Soil Water Res. 9, 47–57. https://doi.org/10.17221/57/ 
2013-swr. 

Zgłobicki, W., Rodzik, J., 2007. Heavy metals in the slope deposits of loess areas of the 
Lublin Upland (E Poland). Catena 71, 84–95. https://doi.org/10.1016/j. 
catena.2006.10.008. 

Zhang, J., 2018. Behavior of the electron trapping probability change in IRSL dating of K- 
feldspar: A dose recovery study. Quat. Geochronol. 44, 38–46. https://doi.org/ 
10.1016/j.quageo.2017.12.001. 

Zhang, J., Yang, M., Sun, X., Zhang, F., 2018a. Estimation of wind and water erosion 
based on slope aspects in the crisscross region of the Chinese Loess Plateau. J. Soils 
Sediments 18, 1620–1631. https://doi.org/10.1007/s11368-017-1855-5. 

Zhang, K., Pan, S., Liu, Z., Li, G., Xu, Y., Hao, Y., 2018b. Vertical distributions and source 
identification of the radionuclides 239Pu and 240Pu in the sediments of the Liao 
River estuary. China. J. Environ. Radioact. 181, 78–84. https://doi.org/10.1016/j. 
jenvrad.2017.10.016. 

Zhang, W., Xing, S., Hou, X., 2019. Evaluation of soil erosion and ecological 
rehabilitation in Loess Plateau region in Northwest China using plutonium isotopes. 
Soil Tillage Res. 191, 162–170. https://doi.org/10.1016/j.still.2019.04.004. 

Zollinger, B., Alewell, C., Kneisel, C., Meusburger, K., Brandová, D., Kubik, P., 
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