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Abstract

The sandy loess deposits in the lowlands of northern Germany present a valuable

sedimentary archive for late Weichselian periglacial geomorphodynamics. While

other aeolian sediments from the Late Quaternary, especially loess deposits and sand

dunes, have been studied and dated in some detail in the last decades, sandy loess

has received less scientific attention with respect to its genesis, composition, age and

provenance as well as distribution patterns. In this study, we present detailed results

for three sediment sections located on the Fläming ridge in the south of the state of

Brandenburg. According to our results from luminescence dating, the sandy loess

deposits of this area were deposited during the late MIS 2 (19–14 ka) with a highly

variable thickness of at least up to 4 m, followed by a deposition of periglacial cov-

ersands shortly thereafter. The sandy loess deposits display a homogeneous geo-

chemical composition and grain size characteristics similar to loess sections in the

main loess areas to the west and south. Furthermore, we analysed a large dataset of

geological drill data and performed a spatial interpolation of sandy loess distribution

in the Western Fläming. Despite the strongly dissected modern landscape of the

Fläming ridge which is partly the result of intense Holocene soil erosion processes,

general patterns of the original loess distribution could be deduced. Based on these

findings, we were able to identify the low-lying areas to the north and north-east of

the study area to be the most likely source areas for the sandy loess as a result of

katabatic winds originating from the Fennoscandian Ice Shield. Thereby, this study

yields important insights regarding aeolian transport and deposition patterns under

periglacial conditions in the Central European Lowlands.
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1 | INTRODUCTION

Loess deposits are important paleo-environmental archives due to

their wide-spread distribution and their good suitability for lumines-

cence dating providing robust chronologies. The parameters that con-

trol the formation of loess deposits are complex. In Central Europe,

they are linked to the Pleistocene dynamics of the Fennoscandian

and the Alpine ice sheets and their corresponding periglacial areas

including the glacio-fluvial systems, which provided favorable

source areas for windblown particles (Bullard, 2013). The changing

climatic conditions during the Pleistocene glacial stages led to

changing wind directions and increased wind speeds (Pinto &

Ludwig, 2020; Schaffernicht et al., 2020; Vinnepand et al., 2023).

Together with a cold climatic reduced vegetation cover, the condi-

tions were set for intense aeolian dynamics (Bosq et al., 2023). The

vast European sand belt (Zeeberg, 1998) and the European loess
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belt (Lehmkuhl et al., 2021) are reminiscent of the wide extent of

the last glacial aeolian processes.

Several recent (meta-)studies have discussed the current knowl-

edge about the definition, genesis and (global) distribution of loess

deposits, highlighting their ongoing significance for reconstructing

paleo-environmental conditions (Li et al., 2020; Muhs, 2014;

Sprafke & Obreht, 2016; Újvári et al., 2016). For (Central) Europe,

inter-regional chronologies of loess deposition have been established

(Bosq et al., 2023; Zoeller, 2010) and distribution maps have been put

forward (Bertran et al., 2016; Haase et al., 2007; Lehmkuhl

et al., 2018, 2021), building on a rapidly growing number of studied

loess sections.

The youngest loess deposits in Eastern Central Europe date to

the Upper Pleniglacial (MIS 2). Four sections in the German state of

Saxony-Anhalt (Figure 2) have been studied in detail and numerically

dated so far: For the sediment section of Hecklingen studied by Krauß

et al. (2016) and Reinecke (2006), the youngest measured depositional

ages are in the range of 19–24 ka and for the Zilly section, the youn-

gest ages are at about 15 ka (Schmidt et al., 2021). In Zeuchfeld, the

youngest age dates to about 23 ka (Kreutzer et al., 2014), very similar

to ages between 22 and 18 ka reported for the section at Zauschwitz

(Lauer et al., 2014). For the sediment sections of Ostrau and Seilitz in

Saxony, Late Glacial ages between 31 and 15 ka were reported

(Meszner et al., 2013). For loess deposits in south-western Poland,

Waroszewski et al. (2021) report ages between 23 and 17 ka for six

different sites.

Sandy loess deposits have received considerably less attention,

despite their spatial and genetic connection to loess deposits and

cover sand areas. Sandy loess can be found in comparatively small

patches north of and isolated from the main loess areas in northern

central Germany (Figure 1). In northern Germany, sandy loess was

originally terminologically differentiated into sandy loess sensu stricto

applied to facies deposited directly adjacent to the main loess areas,

while the term Flottsand was applied to the spatially isolated patches

to the north of the main loess areas (Altermann & Fiedler, 1972a). The

sandy loess deposits sensu stricto were interpreted as transitional

facies between loess and aeolian (cover) sand deposits owing to a

function of wind speed and distance from source area(s)

(Neumeister, 1965; Siebertz, 1988). However, due to the genetic simi-

larity between sandy loess and Flottsand, the term Flottsand was

abandoned (in 1963), and the term Sandlöss (sandy loess) was applied

to all deposits with sand and silt contents >20%, respectively

(AG Boden, 2005). Furthermore, many sandy loess deposits within the

spatially isolated patches have been found to be characterized by a

pronounced layering and an alternation of rather fine-grained, silty

layers and more coarse-grained, sandy layers. Consequently, these

deposits have been labeled ‘banded sandy loess’ (Sandstreifenloess)

(Obst & Kainz, 2020).

Sandy loess deposits in the state of Lower Saxony were studied

in detail by Gehrt (1994), Gehrt (2014) and Vierhuff (1967). All these

deposits are located at elevations below 200 m a.s.l. and the orienta-

tion of their distribution pattern is more or less parallel to the former

ice margins. The assumed source areas lie within the glacio-fluvial

deposits and the ice-marginal valleys (IMVs) in northern Germany.

Vierhuff (1967) proposed changing wind directions as the main

reason for the grain size differentiation within the sandy loess: While

silty components may have come with north-westerly winds over a

distance of 100–200 km from easily erodible glacio-limnic sands

(Beckensande), the sandy components would have been transported

over much shorter distances with westerly to north-westerly, some-

times also easterly winds. Although sandy loess deposits from Lower

Saxony have not been dated by luminescence dating so far, they were

stratigraphically assigned to the Late Glacial period and interpreted as

analogous deposits to the main loess deposits.

The largest distribution area of sandy loess in eastern Germany

is found in the south-western tip of the state of Brandenburg

on the Fläming ridge. These deposits were described and studied

by a number of authors from 1900 onwards (Altermann &

Fiedler, 1978; Cepek, 1959; Dammer, 1941; Fiedler & Altermann, 1964;

Maudrei, 1968; Nägler, 1926; Nebe et al., 1962; Von Linstow, 1902).

However, systematic studies of the sandy loess on the Fläming ridge

with respect to age, distribution patterns and provenance are lacking to

date. Furthermore, it is yet unclear how these deposits correlate with

deposits from the Central European Loess belt.

Therefore, it is the aim of this study to answer the following

research questions:

1. When did the deposition of spatially isolated sandy loess deposits

in north-eastern Germany take place?

2. How do these deposits compare to the loess deposits from the

main loess areas in Germany (Saxony and Saxony–Anhalt) with

respect to age and composition?

3. What is the spatial extent of the sandy loess deposits on the Fläm-

ing ridge and how does the spatial distribution pattern relate to

the geomorphology of the area and the mechanisms of deposition?

4. What can be inferred with respect to potential source areas of the

sandy loess deposits on the Fläming ridge and sandy loess deposits

in general?

To answer these questions, we conducted sedimentological and

geochronological analyses on three newly established sediment sec-

tions (Rab 1–3), reassessed a large amount of different available (geo-

logical) map sheets and literature sources, and modeled the spatial

extent and thickness of the sandy loess on the basis of roughly 1000

soil archive data points provided by the state geological survey.

2 | STUDY AREA

The Fläming ridge is an ice marginal complex in the south-western

part of the modern state of Brandenburg (Germany) (Figure 1). The

ridge forms the water divide between the Havel watershed to

the north and the Elbe watershed to the south. The area reaches a

maximum altitude of 200 m a.s.l. at Hagelberg to the west of the town

of Bad Belzig, whereas the so-called Lower Fläming to the south and

south-east of the town of Jüterbog reaches altitudes of about

100 m a.s.l. (Figure 2).

The morphological expression of the Fläming area as a huge ridge

complex is mostly a result of the Saalian advances of the

Fennoscandian Ice Sheet (FIS) and the corresponding processes.

Saalian glacio-flucial material is widespread at the surface and patches

of Saalian terminal moraines, which approximately follow a lobate

shape, stretch from south-east to north-west. The older Saalian

(Drenthe) ice advances transgressed all of the study area, whereas the
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younger Saalian (Warthanian) ice advance reached its maximum

extent within the study area. Oscillations of the Warthanian ice mar-

gin resulted in the accumulation of several tens of metre-thick

packages of glacio-fluvial sand and gravel, partially intercalated with

till layers and basin deposits (Eissmann et al., 2020). The oscillating

motions of the ice margin with changing directions between north

F I GU R E 1 (top) Distribution of silty aeolian sediments (loess and sandy loess) in Western and Central Europe [after (Lehmkuhl et al., 2020)];
red rectangle marks the extent of the study area (bottom figure). (bottom) Topography and distribution of aeolian sediments in Eastern-Central
Germany. Merged DEM based on (Geobasis-DE/LGB, 2020; GeoSN, 2021; GeoBasisDELVermGeoST), distribution of aeolian sediments based on
Lehmkuhl et al. (2020). [Color figure can be viewed at wileyonlinelibrary.com]
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and east are also reflected in the internal deformation structures of

the Fläming ridge (Lippstreu et al., 2015). The Warthanian advance

corresponds with MIS 6. Correspondingly, north of the Glogau–

Baruther IMV (Luckenwalde), OSL ages of near-surface Saalian glacio-

fluvial material yielded ages ranging from 150 to 130 ka (Lüthgens

et al., 2010).

The Glogau–Baruther IMV lies to the north of the Fläming ridge

(Figure 2) and drained the meltwaters of the Weichselian W1

(Brandenburg) advance, which occurred in late MIS 3, as several

recent studies have shown based on OSL datings of glacio-fluvial

material in Brandenburg (Hardt, 2017; Hardt et al., 2016; Lüthgens

et al., 2010, 2020; Lüthgens & Böse, 2011).

In the context of the detailed geological mapping of the Fläming

area, the first reports about sandy loess deposits go back to Von

Linstow (1902). Observations regarding the properties and distribu-

tion of these sediments as well as interpretation regarding their

genesis were put forward by a number of authors in the following

decades (Altermann, 1993; Altermann & Fiedler, 1978; Cepek, 1959;

Dammer, 1941; Fiedler & Altermann, 1964; Maudrei, 1968;

Nägler, 1926; Nebe et al., 1962; Von Linstow, 1902).

In the historical geological map sheets 1:25 000 (GK25) of the

study area (list of maps given in Table S3), sandy loess deposits are

mapped under the term loesslike dusty sand (‘lössartiger Staubsand’).
They were interpreted to be of (late) Weichselian age due to their

stratigraphic position on top of the glacio-fluvial sands and their simi-

larity to loess deposits in the loess areas to the west is stressed

(Keilhack, 1906). The sandy loess deposits can be found between

170 m a.s.l. near Garrey in the western part of the study area and

70 m a.s.l. near Dennewitz in the eastern part (Figure 2). Their thick-

ness in the area of Garrey is between 5 and 12 dm, with an increasing

thickness towards the west reaching its known maximum of 3.5 m at

the very western edge of the sandy loess cover near the castle of

Rabenstein (Figure 3). The deposits were found to have a compara-

tively sharp western and southern boundary marked by pronounced

differences in silt contents, while the northern and eastern edge is

characterised by a transitional zone between sandy loess and cover

sands (Geschiebedecksand) (Altermann & Fiedler, 1972a).

On the map, Lithofazieskarte Quartär 1:50 000 (LKQ50), the distri-

bution of sandy loess deposits in the study area was subsumed under

the term loess sand (‘Lößsand/Flottsand’). The general distribution of

the sandy loess based on all sheets of the LKQ50 covering the study

area (S5) corresponds well to the distribution published by Lehmkuhl

et al. (2021) based on the Federal Geological Basemap of Germany

(1:200 000) (Figure 2).

A special feature of the High Fläming is the so-called ‘Rummeln’,
deeply incised (up to 10 m) V-shaped dry valleys. They are spatially

connected to the distribution of sandy loess deposits and follow the

outlines of the periglacial dry valleys formed during the Late

F I GU R E 2 Distribution of sandy loess deposits in the study area [after Lehmkuhl et al. (2020) and LKQ50 (S5) as well as distribution of
Luvisols formed in aeolian sediments (based on the BÜK300 (S5)]. Merged DEM based on (Geobasis-DE/LGB, 2020; GeoSN, 2021;
GeoBasisDELVermGeoST). The extent of the spatial modelling of sandy loess thickness (Section 3.2) is marked with a black rectangle. [Color
figure can be viewed at wileyonlinelibrary.com]
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Pleistocene (Liedtke & Marcinek, 2002). Most authors link their cur-

rent shape to the history of intensified agricultural land use practices

since medieval times (Dobers, 2002; Liedtke, 1961; Liedtke &

Marcinek, 2002); however, they have not been studied in detail so far.

They are very similar to linear erosional features (gullies) known from

nearly all intensely used loess areas (Castillo & Gómez, 2016).

In the two adjacent IMVs to the north (Glogau–Baruther IMV)

and south (Breslau–Magdeburg–Bremer IMV, current valley of river

Elbe) of the Fläming ridge, patchy sandy deposits can be found in the

form of dune complexes and sand sheets (Flugsanddecken) (Figure 1).

These deposits yielded Late Weichselian as well as Late Holocene

depositional ages (de Boer, 1995; Hilgers, 2007; Hirsch et al., 2017).

The typical soil type developed in the sandy loess deposits of the

Fläming ridge are so-called (Bänder)Fahlerden in the German soil classifi-

cation system (AG Boden, 2005), which translates into Retisols or

Luvisols in the WRB classification (IUSS Working Group WRB, 2022).

Their distribution in the study area (BÜK300, S5) shows a strong spatial

correlation to the distribution of sandy loess deposits (Figure 2).

3 | METHODS

3.1 | Sediment sections

At the western edge of the sandy loess area near Rabenstein, three

sediment sections were investigated (Figure 3). Their location was

chosen based on field work and soil mappings in the context of the

revision of the soil map of the state of Brandenburg. A major factor

for site selection was the existence of inorganic carbon in the lower

parts of the sections. Increased inorganic carbon contents are consid-

ered an indicator of weak pedogenetic alteration of the respective

sediments (Kühn et al., 2006).

Section Rab1 (N 52� 2.047320, E 12� 35.901420 , 134 m a.s.l.) is

located in an upslope position to the north of a periglacial dry valley

and was excavated until a total depth of 4.4 m below surface.

Section Rab2 (N 52� 1.987680 , E 12� 35.913360, 137 m a.s.l.) is

located approximately 100 m to the south of Section Rab1 in a pla-

teau position. Section Rab3 (N 52� 1.82460 , E 12� 34.828680, 143 m

a.s.l.) is located approximately 1 km west of Sections Rab1 and Rab2

near castle Rabenstein, in a mid-slope position at the edge of a small

valley head leading southwards into a periglacial dry valley. All three

sections are located within forested areas.

From Section Rab1, seven samples were taken for luminescence

dating, as well as four undisturbed samples for the preparation of thin

sections and subsequent micromorphological analysis. Furthermore, a

total number of 32 bulk samples were taken for physical–chemical

analysis. In the pedogenetically altered part of the profile (0–170 cm

below surface), one sample per soil horizon was taken (a total of seven

samples). For the lower part of the profile (170–400 cm below sur-

face), an equidistant sampling strategy was applied in steps of 10 cm

each (with a total of 23 samples). Another bulk sample was taken from

the layer below 400 cm below surface.

F I GU R E 3 Location of sediment sections used in this study before the background of the topography in the study area and the local
distribution of sandy loess deposits near Castle Rabenstein [after (Lehmkuhl et al., 2020), LKQ50 Brandenburg and GK25 Brandenburg]. [Color
figure can be viewed at wileyonlinelibrary.com]
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From Section Rab2, four samples were taken for luminescence

dating, as well as nine bulk samples for physical–chemical analysis.

Sampling depths in this section follow the differentiation into distinct

soil horizons established in the field.

From Section Rab3, 10 bulk samples for physicochemical analysis

were taken. Like in Section Rab2, sampling depths in this section follow

the differentiation into soil horizons established in the field.

The exact sampling depths within the sections can be found in

Figure 5, Figure 8 and Figure 10, as well as in S4.

3.2 | Spatial distribution and thickness of sandy
loess deposits

We modelled the spatial distribution and thickness of sandy loess

deposits by using drill data collected during geologic field campaigns by

the Prussian geological survey (Königlich Preußische Geologische

Landesanstalt, 1908) at the beginning of the 20th century (Table S5) as

well as recent geo-pedological campaigns by the state geological survey

of Brandenburg (Landesamt für Bergbau, Geologie und Rohstoffe LBGR).

The availability of these drill data was restricted to a rectangular area of

about 6.5 km � 5 km covering the westernmost part of the main sandy

loess area (Figure 2). The drill records (n = 957) include information

about parent material, enabling us to calculate the thickness of loess

deposits at each drill point. Given that the drill depth of these surveys

was usually 2 m, records with drill depth above 2 m where truncated in

order to avoid drill depth bias.

We then used kriging (Krige, 1951; Matheron, 1963, 1965) to obtain

spatial predictions of loess thickness. A linear mixed spatial model com-

posed of a stationary autocorrelated Gaussian random field with isotropic

zero-nugget variogram and a trend component was estimated by

restricted maximum likelihood (Diggle & Ribeiro Jr., 2007; Patterson &

Thompson, 1971; Webster & Oliver, 2007). The trend, modelled as a

0, 1st or 2nd order polynomial in the coordinates, was only included

after testing as significant by a Wald-type test (Papritz, 2021;

Wald, 1943; Zeileis & Hothorn, 2002). We chose the variogram

model as the best fit in terms of log-likelihood. Model performance

was assessed by 10-fold cross-validation. To avoid overconfident vali-

dation results, we created spatially disjoint data partitions by clustering

points based on their coordinates using k-means (Hartigan &

Wong, 1979). Geostatistical analysis was conducted using the R soft-

ware environment (version 4.3.1 R Core Team, 2023) with the R pack-

ages georob (version 0.3–14 Papritz, 2021), RandomFields (Schlather

et al., 2022; version 3.3.14 Schlather et al., 2015) and lmtest (version

0.9–40 Zeileis & Hothorn, 2002).

3.3 | Laboratory analyses

3.3.1 | Luminescence dating

A total number of 11 samples were taken in light-tight cylinders. Sub-

sequent sample preparation and all luminescence measurements were

conducted at the Vienna Laboratory for Luminescence Dating (VLL) under

subdued red-light conditions according to standard VLL procedures

(Lüthgens et al., 2017; Rades et al., 2018) to obtain potassium-rich feld-

spar (KFs) grains in the fraction of 150–250 μm. In this study, KFs were

used as a dosimeter for all samples, because no issues related to incom-

plete bleaching were to be expected because of the (assumed) aeolian

nature of the samples, except the lowermost sample VLL-0603-L which

was taken from glacio-fluvial sands. Here, bleaching was expected to be

an issue, but because of the expected age of the material beyond the last

glacial cycle, KFs were also chosen as a dosimeter for this sample in

favour of quartz.

Samples were measured at the VLL using small aliquots (1-mm

diameter, about 15 grains), except for VLL-0603-L, which was mea-

sured using single grains. All measurements were conducted on RISØ

TL-OSL DA 20 automated luminescence reader systems (Bøtter-

Jensen et al., 2000, 2003, 2010) using IR stimulation (875-nm diodes

for single aliquots, 830-nm IR laser for single grains) and detecting the

luminescence signal by a photomultiplier through a LOT/Oriel

D410/30 optical interference filter, selecting the K-feldspar emission

at 410 nm (Krbetschek et al., 1997). A pIRIR225 SAR protocol (post

infrared, infrared stimulated single aliquot regenerative dose protocol)

(Buylaert et al., 2009; Buylaert et al., 2012) with a stimulation temper-

ature of 225�C and an additional hot bleach step at the end of each

SAR cycle to reduce recuperation effects, as determined from dose

recovery experiments, was used for all measurements. Details on the

experimental setup are available from (Rades et al., 2018) and from

the luminescence results table (Table 1).

Radionuclide analyses were conducted at VKTA Rossendorf using

high-resolution, low-level gamma spectrometry. All samples were first dried,

sealed, and subsequently stored to reach secondary secular Rn equilibrium.

All samples were found to be in secular equilibrium and the activities for
238U, 232Th and 40K are presented in the luminescence results table.

Overall dose rates for KFs were found to be rather uniform for all

samples, except sample VLL-0603-L, which showed slightly lower

values as to be expected. All details on dose rate and age calculation

are provided in the luminescence results table (Table 1), which also

summarises the ages of the individual samples, as well as average ages

(mean ± standard deviation) for age clusters within each section. The

caption of Table 1 provides all necessary information concerning dose

rate and age calculation. Results from fading experiments following the

approach of Auclair et al. (2003), but were adapted to also include the

pIRIR225 signal, revealed low g-values (<1 on average) for the pIRIR225

signal; therefore, fading correction of the ages was not conducted.

3.3.2 | Micromorphological analysis

Thin sections for micromorphological analysis were prepared from

oriented and undisturbed soil samples at MKFactory. Analysis of the

thin sections was conducted with a polarisation microscope (Bresser

Science MPO 401) at magnifications of 25� to 400�, using plane-

(PPL) and cross-polarised light (XPL) and the image analysis software

Bresser MicroCamLabII by Susann Heinrich (Leipzig). Microscopic

description mainly followed the terminology after Bullock et al. (1985)

and Stoops (2003).

3.3.3 | Bulk sample preparation

All bulk samples were air-dried and sieved. The content of coarse frag-

ments >2 mm was discarded, and fine earth (<2 mm) was stored for

further analysis. All subsequent analyses were carried out at the Labo-

ratory of the Physical Geography Group in the Department of Earth
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Sciences at Freie Universität Berlin [grain size distribution (GSD),

magn. susceptibility and colour] and at the state laboratory

(Landeslabor) Berlin/Brandenburg (geochemistry, inorganic carbon

and pH values).

3.3.4 | Grain size analysis

Two grammes of fine-earth samples (<2 mm) were dispersed using a

10-mL 0.4-N sodium pyrophosphate solution (Na4P2O7). Due to the

generally low contents of organic matter in our samples (except for

the uppermost topsoil samples), removal thereof by treatment with

hydrogen peroxide solution (H2O2) was omitted. Measurements were

performed with a laser diffraction particle size analyser (LS13320,

Beckman Coulter with additional PIDS technology) calculating the

percentage size frequency within a range of 0.04–2000 μm in 116 dis-

crete grain size classes (Deutsches Institut für Normung, 2020). For

the calculation of the grain size distribution (GSD) from the detected

light scattering matrix, the MIE-theory was applied (Fluid RI: 1.33,

Sample RI: 1.55, Imaginary RI: 0.1), which has been proven to be

preferable for loess-paleosoil sequences as it reduces/minimises

the systematic underestimation of the clay fraction compared to

the Fraunhofer estimation (Deutsches Institut für Normung, 2020;

Özer et al., 2010; Schulte & Lehmkuhl, 2018).

Limits of grain size fractions in this study follow the German soil

classification as well as WRB nomenclature (IUSS Working Group

WRB, 2022) with the following intervals: fC = 0.04–0.2 μm,

mC = 0.2–0.63 μm, cC = 0.63–2 μm, fSi = 2–6.3 μm, mSi = 6.3–

20 μm, cSi = 20–63 μm, fS = 63–200 μm, mS = 200–630 μm and

cS = 630–2000 μm.

3.3.5 | Geochemical analysis

Element composition analyses were carried out by X-ray fluorescence

analysis (XRF) on a PANalytical Zetium 2.4 kW spectrometer (Almelo,

Netherlands). The loss on ignition (LOI) was determined by heating

1000 mg of the sample to 105�C (16 h), 550�C (4 h) and 1000�C (2 h),

respectively. Heated samples were mixed with the flux lithium meta-

borate or a mixture of lithium metaborate and lithium tetraborate (for

samples with LOI > 25% g/g) and melted into glass beads at 1050�C

for 480 s and 1200�C for 25 s. The beads were analysed by

wavelength-dispersive XRF.

Hierarchical cluster analysis was implemented using Manhattan

distances and Ward’s method (Strauss & von Maltitz, 2017). For this

purpose, the following geochemical parameters were used: LOI, SiO2,

TiO2, AlO3, Fe203, MnO, CaO, Na2O, K2O, Ba, Cr, Rb, Sr, V, Zn and

Zr. In order to address the compositional nature of XRF data and its

constant-sum constraint, a compositional data approach was applied

(Aitchison, 1982), and all observations were centred log-ratio (clr)

transformed. The number of clusters was determined by combining

the Dunn index (Dunn, 1974), the silhouette index (Rousseeuw, 1987)

and the Jaccard index (Hennig, 2007).

3.3.6 | Inorganic carbon

Calcium carbonate equivalent content was determined using

the calcimetry method described by Klosa (1994) (calcimeter

from Feske GmbH). Total inorganic carbon (TIC) was calculated

based on the carbonate content in the measured calcium carbonate

equivalent.

3.3.7 | pH values

pH values were measured in a 0.0125 mol/L CaCl2 solution following

Deutsches Institut für Normung (2022).

3.3.8 | Magnetic susceptibility

Magnetic properties were analysed using 12 cm3 of ground

subsamples densely packed in rectangular plastic boxes. Volume-

specific magnetic susceptibility (κ) was measured at low

(0.465 kHz, κLF) and high (4.65 kHz, κHF) frequencies using a

Bartington MS3 magnetic susceptibility meter equipped with an

MS2B dual frequency sensor. Mass-specific magnetic susceptibility

(χ) (10�8 m3/kg) was obtained by relating κLF to the mass of each

sample.

3.3.9 | Soil colours

Soil colours were determined in dry conditions on the ground sample

by measurement of the reflectance between 360 and 740 nm with a

photospectrometer (Minolta CM-2500d). Calculation of Munsell col-

ours (D65) was performed based on the spectral data with the soft-

ware SpectraMagicTM NX Pro Ver. 2.80 by KonicaMinolta.

4 | RESULTS

The following results are mainly discussed within the context of

the respective sediment sections. However, for reasons of coher-

ence, we present the detailed results of luminescence dating first

before putting them into the context of the individual sediment

sections.

4.1 | Spatial distribution of sandy loess deposits

Only 33% of all drill records contain sandy loess layers, resulting in a

heavily right-skewed distribution of loess thickness per drill point.

Including a 1st order trend in our spatial model reduced the skewness

considerably and resulted in a close-to-normal distribution of the

residuals. The first-order trend tested as significant, while higher order

trends did not. Thus, our final spatial model of sandy loess thickness

contained a 1st order trend and an exponential variogram with a range

of 84 m and a sill of 3572 cm2. Ten-fold cross-validation gave a resid-

ual mean squared error of 60 cm.

The kriging predictions of the loess distribution show a clear pat-

tern in the west–east and north–south directions. In the westernmost

part of the analysed area, only a few loess patches related to single

drilling points exist in a roughly 1.5-km-wide N–S corridor (Figure 4).

There are several deep dry valleys, which could have suggested a
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more widespread occurrence of loess in this part of the study area.

These dry valleys, however, differ in their morphometry from the dry

valleys in the main loess areas, as they are more linear and less

internally dissected (Figure 4). The main (sandy) loess accumulation

area abruptly starts close to the studied Section Rab3. This onset is

accompanied by a clear change in surface morphology: The area is

F I GU R E 4 Map of kriging predictions of sandy loess thickness in the study area, ranging from 0 cm (white) to 200 cm (yellow) (main figure).
Hashed areas indicate regions with an occurrence of loess deposits within the 0.95 kriging prediction interval. Black dots and red stars mark the
locations of drill points and sediment sections, respectively. Lowercase letters (red) indicate areas of special interest for geomorphological
interpretation discussed in the text (Section 4.1). Sandy loess extent (red outline) is displayed based on data published by (Lehmkuhl et al., 2020,
2021). The background map is a vertically exaggerated hillshade derived from the laser scan digital elevation model (EPSG: 25833). The lower part
of the figure: modelled thickness of sandy loess cover (≤ 200 cm) in transects A to A0 and B to B0, locations marked in the main figure. [Color
figure can be viewed at wileyonlinelibrary.com]
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intensely dissected by dry valleys with dendritic outlines (Figure 4).

Outside this modelled accumulation zone, roughly 1 km to the south,

the valleys resemble the ones in the westernmost part (Figure 4). Far-

ther to the east, the loess patches become larger and more

continuous, covering the plateau areas of this part of the Fläming

ridge (Figure 4). This trend continues eastwards, accompanied by an

overall larger north–south extent of the loess cover. In some places, it

can be seen that the loess is absent inside the dry valleys (Figure 4).

F I GU R E 5 Section Rab1: image, sampling locations/depths, soil horizons [IUSS working group WRB 2022], luminescence ages and heat map

of grain size distribution. [Color figure can be viewed at wileyonlinelibrary.com]
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However, the interpolation in some places also predicts loess deposits

inside the dry valleys (Figure 4).

The north–south trend of the loess accumulation is illustrated by

both cross-sections: Cross section A–A0 with a length of about 2-km

cuts through the westernmost tip of the sandy loess area near sedi-

ment Sections Rab1 and Rab2 (inset); cross-section B-B0 with a length

of about 3 km traverses the sand loess area some kilometres further

east. Both cross-sections indicate that sandy loess deposits thicker

than 100 cm are mainly located on the northern and north-eastern

hillslopes of the Fläming ridge, whereas deposits on the highest part

of the ridge and on the southern-facing hillslopes are rare and, if they

occur, shallow.

4.2 | Luminescence dating

Based on rejection criteria derived from dose recovery experiments

(5% recycling, recuperation and test dose error for single aliquots,

20% recycling, recuperation and test dose error for single grains),

equivalent doses for all single aliquots show narrow, normally distrib-

uted equivalent dose (De) distributions and mean equivalent doses

were calculated using the central age model (CAM) (Galbraith

et al., 1999) as implemented in the R-Luminescence package (Kreutzer

et al., 2012). Although single aliquot data for sample VLL-0603-L

showed De values approaching field saturation in the first tests, the

single grain dataset shows a majority of De values below 2D0 (86%

saturation according to [Wintle & Murray, 2006]) and results in a

right-skewed distribution with high overdispersion (50 ± 3% as

determined from CAM calculations), which indicates incomplete

bleaching of the luminescence signal prior to deposition. To address

this, a bootstrapped version of the three-parameter minimum

age model (Cunningham & Wallinga, 2012; Galbraith et al., 1999)

with a threshold value of 0.2 ± 0.1 for σb was used for the

calculation of a mean De. All De calculations were conducted using

the R-luminescence package (Kreutzer et al., 2012) and are

summarised in the luminescence results table (Table 1). Dose–

response curves and decay curves for pIRIR225 signals for all sam-

ples can be found in Figure S2.

4.3 | Section Rab1

Sediment Section Rab1 (Figure 5) is the reference section of this

study, as it was studied in most detail.

The lowest part of the section (>400 cm below surface) is formed

by layered sands with a distinct mode in the medium sand fraction

(Figure 5). The sands were dated to 154 ± 16 ka (MIS 6).

On top of these sands and separated by a rather sharp boundary,

the remaining part of the section (<400 cm below surface) is com-

posed of silty(�sandy) material. This unit displays a rather homoge-

neous GSD with a distinct mode in the coarse silt fraction between

50 and 60 μm, which is more dominant in the upper part of the unit

(Figure 5) (S1). In the lower part, between 250 and 400 cm below sur-

face, a small secondary mode in the medium sand fraction at about

450–500 μm was detected as well as a higher amount of grains in the

fine sand fraction (S3). Several horizons/sampling layers in the upper

part of the unit display the same mode in the medium sand fraction.

This mode can be related to fine layers of (medium) sand in between

the mainly silty deposits that were detected macroscopically in the

field. These sandy layers are even more abundant in Sections Rab2

(Section 4.4) and Rab3 (Section 4.5).

A considerable amount of coarse fragments including ventifacts is

present between 350 and 400 cm below surface. They do not form a

continuous stoneline, however. While the lower part of the unit

(below 190 cm) contains primary and secondary carbonates (including

carbonatic concretions/nodules) and displays a pH between 7.7 and

F I GU R E 6 Geochemical data and clusters for Section Rab1. [Color figure can be viewed at wileyonlinelibrary.com]
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7.8 (Figure 6), the upper (pedogenically altered) part of the

section does not contain any carbonates and displays lower pH values

between 3.5 (topsoil) and 5. While clay contents in the lower part of

the profile are below 5%, they reach a maximum in the Bt horizon at

approximately 8% (S3).

With respect to geochemical composition, the upper unit (sandy

loess) is mainly composed of SiO2 (75%–80%), with minor contents

of Al2O3 (4%–6%) and Fe2O3 (1%–2%) (S4). In the pedogenetically

altered part of the section (Bt horizons), Al2O3 contents reach up to

7.5% and Fe2O3 contents up to 2.5%. The geochemical composition

is fairly homogeneous, except for contents of CaO, which reach up

to 6% at a depth of approximately 2 m. CaO contents in the lower

part of the sandy loess (300–400 cm below surface) display values

between 2.5% and 3.5% All samples from the upper part of the

section (down to 1.7 m below surface) were assigned to

Geochemical Cluster 1, the lower part to Geochemical Cluster

2. The lowermost (sandy) sample was assigned to the Geochemical

Cluster 3.

Luminescence ages for the lower part of the sandy loess deposit

(OSL2, OSL3, OSL 4 and OSL5) indicate a mean deposition age of

17.5 ± 0.7 ka (Figure 5; Table 1). Luminescence ages from the upper

part of the unit (OSL6 and OSL7) indicate a mean age of 14.7 ± 0.7 ka.

Micromorphological analysis of thin sections from the lower part

of the sandy loess deposit (MM1 and MM2) confirmed the macro-

scopically detected presence of secondary sparitic (in pore spaces)

and micritic carbonates (Figure 7e–f). Furthermore, a lenticular platy

microstructure (a, b) as well as micritic carbonatic capping of larger

grains (c, d) are present. No layering, lamination, crusts or orientations

could be detected that would indicate a specific depositional

environment.

F I GU R E 7 Images of thin sections MM2. (a + b) lenticular platy microstructure (ppl + xpl; MM2). (c + d) sparitic and micritic capping of
larger grains (ppl + xpl; MM2). (e + f) secondary sparitic and micritic carbonates (xpl; MM2). The analysis of thin section MM3 shows a rather
gradual transition over several millimeters for the macroscopically sharp boundary between the upper sandy loess from which carbonates have
been leached and the lower sandy loess where secondary carbonates have accumulated (images not displayed). [Color figure can be viewed at

wileyonlinelibrary.com]
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4.4 | Section Rab2

At the base of Section Rab2 below a depth of about 180–200 cm

(Figure 8), an accumulation of gravels can be found. The gravels dis-

play an advanced degree of physical weathering and are intertwined

with the overlying silty-sandy material.

Between 50 cm and 180–200 cm below surface, the section is

composed of a silty-sandy material with a GSD (Figure 8) (S1) that is

very similar to the sandy loess in Section Rab1. While the upper part

of this sandy loess deposit has been pedogenetically altered in anal-

ogy to Section Rab1, the lower part (>150 cm) is composed of sandy

loess that contains primary and secondary carbonates (CaO

content = 9.5%, pH value = 7.5). These latter layers/horizons (Btb/E

and CBwb) display a strong dip towards the right side of the exposed

section. Furthermore, pedogenetic features similar to Section Rab1

can be observed, especially the formation of a Bt horizon with ele-

vated clay contents (8.5%). In the horizon right below, banded clay

features are visible, although not many and as well preserved as in

F I GU R E 8 Section Rab2: image, sampling locations/depths, soil horizons (IUSS working group WRB 2022), luminescence ages and heat map
of grain size distribution. [Color figure can be viewed at wileyonlinelibrary.com]

F I GU R E 9 Geochemical data and clusters for Section Rab2. [Color figure can be viewed at wileyonlinelibrary.com]
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Section Rab1. In contrast to Section Rab1, the upper unit of this

section is assigned to Geochemical Cluster 3, whereas the underlying

unit down to a depth of 1.5 m below surface is assigned to Geochemi-

cal Cluster 1 (Figure 9). The lowermost sample from the carbonatic

sandy loess is assigned to Geochemical Cluster 2.

The uppermost unit of Section Rab2 is composed of sandy(�silty)

material with a main mode in the medium sand fraction between

200 and 300 μm and a minor mode in the coarse silt fraction

(Figure 8). The lower part of this unit (E/Bt, 37–54 cm) represents a

transition zone between the upper and the lower unit. Within the

upper 50 cm, pH values are comparatively low (3.7–4.2) and macro-

scopic signs of chemical weathering and podzolisation are visible.

The mean depositional age of the sandy loess (OSL8 and OSL9)

was measured to be 15.3 ± 1.0 ka (Figure 8). These ages are in the

range of the ages found in the upper part of Section Rab1 (OSL6 and

OSL7). Two luminescence ages were derived from the uppermost unit,

yielding a mean age of 13.0 ± 0.4 ka.

4.5 | Section Rab3

Macroscopically and with respect to pedogenesis, Section Rab3

(Figure 10) is broadly similar to Sections Rab1 and Rab2. The ped-

ogenetically modified part of the sections reaches a depth of about

F I GU R E 1 0 Section Rab3: image, sampling locations/depths, soil horizons [IUSS working group WRB 2022] and heat map of grain size

distribution. [Color figure can be viewed at wileyonlinelibrary.com]
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1.4 m. At the base of the section (not shown in the photograph in

Figure 10), single gravels were found.

In its lower unit (80 cm and below), this section displays a GSD

similar to Sections Rab1 and Rab2, with a pronounced peak in the

coarse silt (and fine sand) fraction (Figure 10) (S1). However, thin

layers or lenses of sand are well developed in this section and clearly

visible in the field as well as in the GSD indicated by a peak in the

medium sand fraction that is more pronounced compared to Sections

Rab1 and Rab2. In the upper unit of Section Rab3 (above 80 cm below

surface), a third and dominant mode around 200 μm is clearly distin-

guishable (Figure 10).

Geochemically, the upper part of the section (down to 55 cm

below surface), corresponds to Cluster 3 (Figure 11), in analogy to

Section Rab2. This cluster is characterised by high contents of SiO2

and low contents of most other oxides (S4) as well as low pH values.

The middle part of the section (55–140 cm) corresponds to Cluster

1, characterised by high contents of Al2O3, Fe2O3 and TiO2 and ele-

vated levels of χ compared to the other clusters. The lower part of the

sections corresponds to Cluster 2, with high contents of CaO and

MgO (carbonates) and high pH values, while the contents of SiO2 are

particularly low.

5 | DISCUSSION

5.1 | Genesis of soil–sediment sections

The geophysical and geochemical data from all three sediment sec-

tions studied here draw a clear picture regarding sedimentation pro-

cesses and subsequent soil formation. From a sedimentological point

of view, the sections are composed of three facies.

The oldest and lowermost facies, which form the lowermost

part of Section Rab1, consist of glacio-fluvial sandy material depos-

ited during the Saalian glaciation (MIS 6). This facies corresponds to

geochemical cluster 3. In Section Rab1, no remains of an Eeemian

soil are present. Consequently, all deposits that may have accumu-

lated before the loess deposition in late MIS 2 must have been

eroded and therefore created this extensive chronostratigraphic

hiatus.

A silty–sandy facies with a bi-modal GSD was deposited during

the late last Pleniglacial (MIS 2, 19–14 ka). While this facies is domi-

nated by a mode in the coarse silt fraction, there is a secondary mode

in the medium sand fraction that is realised in the form of thin layers.

It most likely originates from the surrounding glacio-fluvial sands and

was relocated during times or events with elevated wind speeds or

different wind directions compared to the silty material. This would

also explain the varying sand content within the three sections. In the

lower parts of all three sediment sections, this facies contains primary

and partly secondary carbonates that have been leached from the

upper parts of the sections, attesting to the primary carbonatic nature

of this facies. Geochemically, it is differentiated into Clusters 1 and

2, mainly due to the difference in carbonate content. The GSD allows

for the classification of this facies as loess (sand content < 20%) or

sandy loess (>20%). In any case, GSD is only slightly coarser than the

GSD reported by Krauß et al. (2016) for loess deposits from Heck-

lingen and Zilly in the main loess area further west (Figure 2), including

the secondary mode in the medium sand fraction. Furthermore, these

GSD are in line with results obtained by Dobers (2002) in his study of

sandy loess deposits in the Central Fläming near Jüterbog, where sand

contents were usually below 20% or even below 15%.

For other loess sections in Central Eastern Germany, similar loess

deposition ages were reported (Kreutzer et al., 2014; Lauer

et al., 2014; Meszner et al., 2013; Schmidt et al., 2021). Based on

these findings and the underlying compositional similarity between

the sandy loess from the Fläming ridge and the deposits from the

main loess areas, we propose to incorporate the former into the loess

deposits of Central Eastern Germany, despite their historical differen-

tiation from the latter and the inconsistencies related to the some-

what arbitrary threshold of 20% of sand separating loess and sandy

loess. In their study of loess deposits in the Rhône Valley, Bosq et al.

(2018) applied a different threshold for the differentiation of loess

and sandy loess. This is in line with the loess definition proposed by

Koch and Neumeister (2005), who proposed a geomorphological term

for the alternation between silty and sandy layers, variagenesis (Vari-

agenese). Although no luminescence dating results and detailed GSD

data have been published from sandy loess deposits in Northern

Germany, results reported by Gehrt (1994) and Vierhuff (1967) point

in the same direction. They also confirm earlier geomorphological and

F I GU R E 1 1 Geochemical data and clusters for Section Rab3. [Color figure can be viewed at wileyonlinelibrary.com]
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chronostratigraphic interpretations in our study area that stress the

spatial and chronological connection between the sandy loess and

cover sand deposits (Lembke et al., 1970).

The derived depositional ages for the sandy–silty facies during per-

iglacial times (19–14 ka) could be attested by the obtained micromor-

phological results. The lenticular platy microstructure in combination

with a (micritic) capping of larger grains are clear indicators for per-

iglacial conditions in the form of the formation of ice lenses as well as

cryoturbatic and solifluidal processes (Bertran & Texier, 1999; Scarciglia

et al., 2003; Todisco & Bhiry, 2008; van Vliet-Lanoë & Fox, 2018). As

these phenomena were detected at a depth of approximately 350 cm

below surface well below the influence of current freezing, they clearly

indicate cold (periglacial) conditions during the time of (re)deposition of

the sandy loess deposits in the late MIS 2.

In Sections Rab2 and Rab3, a third facies could be detected:

Cover sands of about 50–70-cm thickness, geochemically corres-

ponding to Cluster 3, attesting to their source in the glacio-fluvial

material dominating in the surrounding areas. The deposition/

formation of these cover sands occurred around 13 ka during the late

MIS 2, in analogy to the sand sheet phase (lithostratigraphy: Older

Coversands II or Younger Coversands I) for deposits in the

Netherlands (Kasse, 2002; Kasse & Aalbersberg, 2019). Hirsch et al.

(2017) as well as Hilgers (2007) report late Pleistocene ages for sand

deposits at the base of a dune near Glashütte within the Glogau–

Baruther IMV. Based on dune morphology in this area, westerly (and

southerly) paleo-wind directions are inferred (de Boer, 1995; Hirsch

et al., 2017). For two other dune systems in central Brandenburg,

Schlaak (2018) reports initial depositional ages during the Younger

Dryas. Based on our geochronological data, it seems likely that the

cover sands of the High Fläming pre-date the main phase of dune

formation during the Older and Younger Dryas, which was also

reported for dunes in Central Poland (Moska et al., 2023) and

corresponds to the first cluster of (Late Glacial and Holocene) aeolian

activity identified in a meta-study by Kappler et al. (2019) for north-

eastern Germany.

Although error margins of the luminescence dating results presented

here do not allow for a precise assignment to any specific stadial period

during the late MIS 2, our results confirm the hypothesis of a Late Glacial

(Weichselian) genesis of the Upper Layer (Hauptlage) (Hülle et al., 2009),

to which the cover sands presented here most likely correspond

(Altermann et al., 2008). Waroszewski et al. (2021) and Waroszewski

et al. (2020) report ages between 14 and 11 ka for thin loess mantles

(few decimeters) in south-western Poland, whose stratigraphic position

corresponds to periglacial cover beds following Kleber & Terhorst (2013).

However, more datings are needed to confirm this result, especially since

luminescence dating of the Upper Layer has been a major challenge due

to several methodological restraints (Kleber & Terhorst, 2013).

5.2 | Spatial distribution of sandy loess deposits

Generally, the modelled distribution pattern corresponds roughly to

the extent of sandy loess published by Lehmkuhl et al. (2020). Our

interpolation highlights the patchy distribution and the varying thick-

ness (up to 200 cm) of the loess accumulations, which strikingly

reflects the small-scale depositional and erosional processes that need

to be considered when interpreting loess landscapes.

Periglacial dry valleys (Rummeln) are landforms typical of the

study area. We observed a spatial correlation between the occurrence

of these dry valleys and the main sandy loess distribution areas.

This spatial correlation appears straightforward, as these special

types of dry valleys are a characteristic geomorphic feature of

loess landscapes associated with Holocene soil erosion (Lehmkuhl

et al., 2016; Rommens et al., 2007). As it was shown, in some places

there is no sandy loess inside the dry valleys, whereas the prediction

sometimes indicates sandy loess deposits inside the dry valleys

(Figure 4f). This is possibly related to the heterogeneous distribution

of drilling points and the kriging model itself, which does not incor-

porate geomorphological parameters. Nonetheless, it is also possi-

ble that sandy loess material was eroded from the plateau areas and

redeposited after a short transport distance on the valley bottoms

as colluvial material.

Furthermore, the spatial distribution of sandy loess visible in the

kriging prediction resembles the pattern that can be found across

the entire Fläming ridge, that is, thick deposits are mainly located on

the northern edge of the belt, whereas the deposits decrease in thick-

ness towards the southern part of the ridge (Altermann &

Fiedler, 1972b). However, on a finer spatial scale, the distribution pat-

tern is rather complex. This likely results from two main reasons:

1. Methodology: The density of drill points in the area is too low for

the desired resolution. The mean nearest neighbour distance

(111 m) is close to the variogram range, thus predictions will devi-

ate frequently considerably from the unknown truth at

unsampled sites. Furthermore, it remains unknown how relocated

sediments (colluvial, flood loam) with sandy loess textures were

classified during the original drilling/mapping campaign. This may

explain the existence of modelled sandy loess covers within the

dry valleys, where relocation of sediments will surely have hap-

pened during the Holocene (and potentially already during the

late Weichselian).

2. Furthermore, the paleo-relief has been reshaped since the time of

sandy loess deposition by periglacial processes during the (late)

Weichselian and by denudation and (soil) erosion during the Holo-

cene. Long-lasting and intense land use has been proven for many

loess areas in Central Europe. For a catchment of 10 km2 in a loess

landscape (Wetterau) near Frankfurt a.M. (Germany) which has

been settled since Neolithic times, Houben (2012) calculated a

mean denudation rate of 64 cm during the Holocene. While there

is only little proof of Neolithic activity in the Fläming area so far

(Cziesla, 2008; Eberhardt, 2007; Mischka & Wetzel, 2015), the

sandy loess area has experienced intense agricultural land use

based on the fertility of soils at least since medieval times

(Liedtke & Marcinek, 2002). Therefore, features of the paleo-relief

explaining loess deposition may now be missing or may have been

morphologically transformed.

Consequently, the obtained results regarding (sandy) loess distri-

bution in the Fläming area led to promising first interpretations.

Based on an extended dataset (current survey of the whole Fläming

ridge by the state geological survey) and modern methods for the

calculation of the local or regional paleo-relief (Schmidt et al., 2018),

a more detailed understanding of the original spatial distribution pat-

terns in relation to the (paleo)relief is an important future task.
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5.3 | Chronostratigraphy, source areas and
paleoclimatic interpretation of (sandy) loess deposits
in the Fläming ridge

As potential source areas for the sandy loess deposits on the Fläming

ridge, Maudrei (1968) and Altermann and Fiedler (1972a) propose

mainly northerly winds and corresponding source areas in the adja-

cent low-lying areas to the north and north-east (Glogau–Baruther

IMV, till plains) (Figure 12). Their model helps to explain the gradual

increase in (coarse) silt contents on the northern edge and the abrupt

decrease at the southern edge of the (sandy) loess belt, which was

confirmed by the model results of this study (Figure 4). Furthermore,

the sandy loess deposits in the western part of the Fläming loess belt

are considerably thicker, which cannot be satisfactorily explained in

combination with dominating westerly winds which have been

assumed and found (Prud’homme et al., 2022) to be the dominant

winds during the LGM and Late Pleistocene in Central Europe in

analogy to modern conditions. Given the elongated shape of the

(sandy) loess belt in the Fläming area with its marked NW-SE exten-

sion, it appears most likely that repeated dust events caused by

northerly and north-easterly winds resulted in the depositional

pattern.

In a similar line of thought, Badura et al. (2013) proposed a

regional model of fluvial transport of silty material originating from

the Central European Highlands along the valley of the Great Odra

River, which corresponds to the Wroclaw–Magdeburg–Bremen IMV

in the study area (Figure 12). This is in analogy to the global model of

loess originating from the large braided river systems proposed by

Smalley et al. (2009). The Great Odra Valley (GOV) was originally

formed as an IMV during the Saalian glaciation. Analogous to loess

genesis models related to other Central European rivers like the Rhine

or the Danube, these silty sediments would have been blown out of

the episodically desiccated GOV (in MIS 4 and MIS 2) and would have

eventually formed the Central European loess covers. This hypothesis

has already been confirmed for loess deposits in south-western

Poland; however, a significant contribution of the FIS was also

detected, probably by erosion of older glacial and/or glacio-fluvial

sediments and recycling of loess deposits (Waroszewski et al., 2021).

With respect to the amounts of loess deposited in Eastern and Cen-

tral Germany, only a large catchment area like the one assigned to

the GOV would have supplied a sufficient amount of fine material in

order for the extensive loess covers in Saxony, Saxony-Anhalt and

Lower Saxony to be formed (Badura et al., 2013). Applying this

model to the (sandy) loess deposits on the Fläming ridge, these

would represent a minor loess area compared to the main loess areas

to the south and west due to the limited amount of silty material in

the source areas to the north (Figure 12). Since the (primary) sandy

loess deposits of the Fläming area comprised a considerable amount

of carbonates which are rare in the Glogau–Baruther IMV, the till

plains and carbonatic glacio-limnic deposits to the north of the IMV

must also have contributed significantly to the dust load and deposi-

tion. These deposits lie within the area that north-easterly winds

F I GU R E 1 2 Location of potential source areas for main loess areas in Central Eastern Germany (MIS 4 and MIS 2) and for (sandy) loess in
the Fläming area (MIS 2). The bold yellow arrow represents potential wind and dust trajectory during late MIS 2. The distribution of deposits
mapped based on data published by (Lehmkuhl et al., 2021). Ice margins mapped based on data published by Lüthgens et al. (2020) and Liedtke

(1981). Digital surface model (DSM) based on ESA (2022). [Color figure can be viewed at wileyonlinelibrary.com]
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coming from the FIS would have crossed on their way towards the

Fläming ridge (Figure 12).

Based on a comparison of trace elements between samples from

different loess sections and of different ages (MIS 4 and MIS 2) in

Saxony that displayed little variation between samples, Meszner et al.

(2013) concluded that the source area of loess deposits from Saxony

did not change during main loess deposition phases within the

Weichselian period. However, in the same study, coarse components

within the loess sections were found to have been transported mainly

by north-westerly winds based on the heavy mineral composition and

abundance. In a related study, Meszner et al. (2014) identify the

nearby Elbe Valley to be the most likely dust source for the main loess

deposits in Saxony. Furthermore, the uppermost loess (Unit IIa) of the

Gleina section (Meszner et al., 2013) contains elevated contents of

(fine) sand, which is interpreted as an indicator for increased wind

speeds and resembles the sandy banded loess deposits of the

Fläming area.

Current model results (Ludwig et al., 2016) indicate prevailing

easterly winds in Central Europe during the LGM caused by a strong

anticyclone over the FIS, which is in favour of the model proposed

here. Like loess deposits in Western and Southern (Central) Europe

(Lehmkuhl et al., 2016, 2021; Pötter et al., 2021, 2023), alluvial and

fluvial deposits within the large (ice-marginal) valleys as well as till

plains serve as the main source areas of loess deposits. On the

regional scale, the Glogau–Baruther IMV and the till plains in the area

of Brandenburg can be considered as the main source area of the

loess deposits on the Fläming ridge. This hypothesis of a dominance

of easterly winds was confirmed by results obtained by Schaffernicht

et al. (2020), who identified the southern FIS margin to be the area

with the highest dust (loess) emission (and deposition) rates. A shift to

a dominance of westerly winds as indicated by parabolic dunes near

the study area (Section 5.1) must have happened in close accordance

with the ongoing downwasting of the FIS. It remains questionable

why the loess distribution in the study area does not continue further

to the south-east. This may be connected to open questions regarding

the location and extent of the LGM ice-sheet advance in the area of

the modern German–Polish border as discussed by Lüthgens et al.

(2020) (Figure 6 therein).

6 | CONCLUSIONS/OUTLOOK

On the Fläming ridge, aeolian deposits of silty to sandy composition

were formed during the late MIS 2 (19–13 ka). They most likely orig-

inate from the lower lying areas (till plains, IMVs) to the north and

north-east of the Fläming and were transported by katabatic winds

coming from the FIS. This adds an important aspect to the discussion

raised by many other studies related to Late Pleistocene loess

deposits in Central Europe, in which dominant westly wind direc-

tions and respective transport paths are inferred. Based on its GSD

and chronostratigraphy, the (banded) sandy loess deposits of the

Fläming ridge closely resemble the (youngest) loess deposits of the

adjacent main loess areas to the south and the west of the Fläming

ridge.

These results shed new light on the influence of the oscillating

FIS regarding wind directions and wind speeds in the paraglacial envi-

ronment. Furthermore, they underline the importance of the spatial

configuration of till plains and glacio-fluvial deposits as source areas

for wind-blown particles. In contrast to the adjacent loess areas, the

distribution of sandy loess was found to be more patchy, probably

related to the relatively short period of deposition, the pre-existing

morphology of the terrain as well as post-depositional intense erosion

processes and surface modifications.
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