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Loess—palaeosol sequences (LPSs) of the oceanic-influenced European loess belt underwent frequent
post-depositional processes induced by surface runoff or periglacial processes. The interpretation of
such atypical LPSs is not straightforward, and they cannot be easily used for regional to continental
correlations. Within the last few years, however, such sequences gained increased attention, as they
are valuable archives for regional landscape dynamics. In this study, the Siersdorf LPS was analysed
using a multi-proxy approach using sedimentological, geochemical, and spectrophotometric methods
combined with luminescence dating and tentative malacological tests to unravel Pleniglacial dynamics
of the Lower Rhine Embayment. A marshy wetland environment for the late Middle Pleniglacial to the
early Upper Pleniglacial was shown by colour reflectance and grain size distribution. Age inversions
from luminescence dating paired with geochemical and sedimentological data reveal long-lasting ero-
sional processes during the early Upper Pleniglacial, which were constrained to a relatively small
catchment with short transport ranges. The upper sequence shows typical marker horizons for the
study area and indicate harsh, cold-arid conditions for the late Upper Pleniglacial. In comparison with
other terrestrial archives, the Siersdorf LPS shows that the Lower Rhine Embayment was more diverse
than previously assumed, regarding not only its geomorphological settings and related processes but
also its ecosystems and environments.

Die Lossprofile des ozeanisch beeinflussten europédischen Lossgiirtels wurden hiufig durch Ober-
flachenabfluss oder periglaziale Prozesse umgelagert. Die Interpretation solcher atypischen LPS ist
nicht einfach und sie konnen nicht ohne weiteres fiir regionale bis kontinentale Korrelationen ver-
wendet werden. In den letzten Jahren haben solche Sequenzen jedoch zunehmend an Bedeutung
gewonnen, da sie wertvolle Archive fiir die regionale Landschaftsdynamik darstellen. In dieser Studie
wurde das Lossprofil Siersdorf mit Hilfe eines Multi-Proxy-Ansatzes analysiert, der sedimentolo-
gische, geochemische und spektrophotometrische Methoden mit Lumineszenzdatierungen und ver-
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suchsweisen malakologischen Untersuchungen kombiniert, um die pleniglaziale Dynamik der Nieder-
rheinischen Bucht zu entschliisseln. Die Farbadaten und die Korngrofenverteilungen zeigen, dass das
Profil vom spiten Mittelpleniglazial bis zum frithen Oberpleniglazial in einem sumpfigen Feuchtge-
biet lag. Altersinversionen aus Lumineszenzdatierungen gepaart mit geochemischen und sedimentol-
ogischen Daten lassen auf lang anhaltende Erosionsprozesse wihrend des frithen Oberen Pleniglazials
schlielen, die auf ein relativ kleines Einzugsgebiet mit kurzen Transportstrecken beschrinkt waren.
Die obere Abfolge zeigt typische Markerhorizonte fiir das Untersuchungsgebiet und weist auf raue,
kalt-trockene Bedingungen fiir das spédte Obere Pleniglazial hin. Im Vergleich zu anderen ter-
restrischen Archiven zeigt das Siersdorfer LPS, dass die Niederrheinische Bucht vielfiltiger war als
bisher angenommen, nicht nur in Bezug auf ihre geomorphologischen Gegebenheiten und die damit
verbundenen Prozesse, sondern auch in Bezug auf ihre Okosysteme und Lebensriume.

1 Introduction

Throughout the last few decades, loess—palaeosol sequences
(LPSs) have been frequently analysed to reconstruct palaco-
climatic and palaeoenvironmental conditions of the terres-
trial realms (Hatté et al., 2001, 2013; Markovi¢ et al., 2005;
Kukla et al., 1988; Zech et al., 2013; Torre et al., 2020;
Varga et al., 2011). Therefore, sequences are investigated,
which are as complete and undisturbed as possible to allow
interregional correlations (Markovi¢ et al., 2018; Lehmkuhl
et al., 2016) or direct reconstructions of atmospheric con-
ditions (Obreht et al., 2017; Rousseau and Hatté, 2021;
Bokhorst et al., 2011). These aeolian LPSs were formed out
of mineral dust, which was deposited on topographic bar-
riers (Lehmkuhl et al., 2016; Antoine et al., 2016), biolog-
ical crusts (Svircev et al., 2013), or vegetation, typically
grasses (Zech et al., 2013, 2011). The deposited dust un-
dergoes quasi-pedogenic processes called loessification pro-
cesses (Sprafke and Obreht, 2016), leading to its unique char-
acteristics, such as its silty texture and porosity (Pécsi and
Richter, 1996; Koch and Neumeister, 2005). Due to these
properties, loess is prone to post-depositional reworking and
erosion, especially by water (Meszner et al., 2013, p. 201),
and in regions affected by permafrost, by periglacial activi-
ties and slope processes (Lehmkuhl et al., 2021, 2016). This
proneness can lead to hiatuses in the stratigraphy (Obreht
et al., 2015; Steup and Fuchs, 2017) or the reworking of
sediments. Additionally, weathering and soil formation pro-
cesses, such as decalcification, feldspar weathering, or lessi-
vation of clay, can transform the pristine sediments on vari-
ous scales and can give valuable hints on past environmental
conditions (Fenn et al., 2020, 2021; Markovi¢ et al., 2018;
Lehmkuhl et al., 2016).

The European loess belt (ELB; loess domain II sensu;
Lehmkuhl et al., 2021), stretches from the shores of the
English Channel (Antoine et al., 2003; Stevens et al.,
2020) throughout Belgium (Haesaerts et al., 2016), Ger-
many (Lehmkuhl et al., 2018), and Poland (Jary and Ciszek,
2013) towards Ukraine (Veres et al., 2018). Especially the
western ELB (subdomain Ila sensu; Lehmkuhl et al., 2021),
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which is characterised by a humid, oceanic climate, was
prone to erosional processes such as slope wash or solifluc-
tion (Lehmkuhl et al., 2016). These conditions led to fre-
quent reorganisation processes of landscape systems due to
widespread erosion throughout the ELB (Meszner et al.,
2013), partially leading to relief reversals (Fischer et al.,
2012; Kels, 2007; Lehmkuhl et al., 2015). The continental ice
sheets to the north and the periglacially shaped central Euro-
pean uplands to the south dominated the Pleistocene palaeo-
geography of the ELB, acting as potential dust sources of
Pleistocene loess deposits due to high production rates of de-
trital material (Baykal et al., 2021; Skurzynski et al., 2019,
2020; Vinnepand et al., 2022). Additionally, the climatic con-
ditions and vicinity to continental and Alpine ice sheets in-
duced periglacial conditions, especially during glacial and
stadial phases (Jary, 2009; Lehmkuhl et al., 2021; Vanden-
berghe et al., 2014; Stadelmaier et al., 2021).

The results of these processes are, compared to other Eu-
ropean loess regions like the Danube Basin (Markovi¢ et
al., 2015), complex stratigraphic records with unconformi-
ties and polygenetic pedocomplexes in the western ELB.
Therefore, complete Late Pleistocene LPSs, without any hia-
tuses or discordances, are scarce (Schirmer, 2002; Zens et
al., 2018). Within the last few years, however, considerable
attention was given to non-typical LPSs, which were either
strongly reworked (Klinge et al., 2017; Steup and Fuchs,
2017; Meszner et al., 2014) or which were characterised by
changing depositional milieus (Mayr et al., 2017; Siimegi et
al., 2015; HoSek et al., 2017). These archives allow a detailed
view of the interplay of climate, landscape development, and
environment and are, therefore, a crucial addition to the vast
set of Pleistocene sediment archives.

Here, we present geochronological and proxy data for a
new LPS in the Lower Rhine Embayment (North Rhine-
Westphalia, Germany). The Siersdorf (SID) LPS developed
in a channel incised into an older Pleistocene terrace of the
Meuse. It represents a high-resolution record of the transition
from the late Middle (MPG) to the Upper Pleniglacial (UPG).
Unlike typical LPSs from the area, the Middle Pleniglacial
stadial conditions are not imprinted as a series of phases of
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differently intense soil formation processes but as a uniform
unit of greyish-brownish silt, most likely linked to semi-
terrestrial marshy conditions. In this study, we analyse the
sedimentological, geochemical, and spectrophotometric data
to unravel the genesis of this atypical sedimentary succes-
sion. The geomorphological and palacoenvironmental rami-
fications are discussed in the framework of loess research in
the Rhine catchment. The Siersdorf LPS is a crucial addition
to the framework of Pleniglacial landscape reconstruction, as
it is so far the first reported LPS from the Lower Rhine Em-
bayment which records semi-terrestrial conditions during the
late Middle Pleniglacial to Upper Pleniglacial. This recon-
struction shows that the Pleniglacial Lower Rhine Embay-
ment was more diverse than previously assumed, regarding
not only its geomorphological settings and related processes
but also its ecosystems and environments.

2 Research area and study site

2.1 The Lower Rhine Embayment

The Lower Rhine Embayment (LRE) is part of the European
rift system and covers the southernmost part of the Lower
Rhine catchment. It is situated on the transition of the cen-
tral European uplands, namely the Rhenish Massif, and the
northern German lowlands (Bose et al., 2022). As a loess
region, the LRE is part of the western European maritime
(Atlantic) loess subdomain of the ELB sensu (Lehmkuhl et
al., 2021). This part of the ELB was dominated by North At-
lantic climate conditions during the Late Pleistocene (An-
toine et al., 2001, 2009; Fischer et al., 2021). Due to the
oceanic climate and the accompanied high landscape dynam-
ics (Fischer et al., 2017), the distribution and characteristics
of loess deposits in the LRE are strongly site-specific, de-
pending on geomorphological settings and related processes.

Four main geomorphological positions for LPSs can be
summarised (Lehmkuhl et al., 2016). LPSs in plateau situ-
ations are often affected by erosion, both by surface runoff
and by deflation (Schirmer, 2016; Antoine et al., 2016). Ad-
ditionally, chemical processes such as (carbonate) solution
and leaching may affect these sequences. Slope positions in
the LRE are especially prone to erosional processes. Trunca-
tion, e.g. related to phases of widespread erosion, may re-
move previously formed LPSs in their entirety (Schirmer,
2016). Similar conditions have been reported from adjacent
regions of the ELB (Meszner et al., 2013; Antoine et al.,
2016). Besides fluvial relocation, processes such as solifluc-
tion play a major role in slope positions (Lehmkuhl et al.,
2016). Under periglacial conditions, a slope gradient of 2°
is sufficient to initiate reworking by solifluction (Lehmkuhl,
2016). Relocated material is transported downslope and de-
posited on the slope toe. These positions act not only as sed-
iment traps during loess formation (Antoine et al., 2016) but
also as sinks of soil sediments and other relocated material
(Kappler et al., 2018; Kiihn et al., 2017). This also applies
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to depressions and erosional channels. Within these topo-
graphic sinks, detrital material of various origins, i.e. aeo-
lian, colluvial, or other slope sediments, accumulates, lead-
ing to complex stratigraphical archives. As the geomorpho-
logical setting and sedimentological processes are crucial in
the formation of sediment sequences, their discussion is es-
sential to understand the evolution of LPSs and for their cor-
relation with other environmental archives (Markovi¢ et al.,
2018; Lehmkuhl et al., 2016; Fischer et al., 2017).

The LRE builds the easternmost part of this maritime loess
domain, which shows comparable stratigraphic records for
the Late Pleistocene from northern France towards the study
area (Haesaerts et al., 2011; Meijs, 2002; Schirmer, 2016;
Antoine et al., 2014): the oldest sequence builds the last in-
terglacial, i.e. Eemian, palaeosol, a truncated brown-leached
soil complex. The Weichselian glacial succession starts with
an early glacial (115-72ka) complex, consisting of a grey
forest soil and a steppe-like soil. The Lower Pleniglacial
(LPG; 70-58ka) is the phase with the first reported (and
preserved) loess formation in central Europe (Frechen et al.,
2003), accompanied by periglacial conditions. The Middle
Pleniglacial (MPG; 58-32ka) was characterised by reduced
dust accumulation (Antoine et al., 2001), frequent reloca-
tion of older sediments and soils (Meszner et al., 2013),
and phases of soil formation (Fischer et al., 2021; Schirmer
et al., 2012). However, MPG sequences are often only pre-
served in geomorphologically favourable settings. The Upper
Pleniglacial (UPG; 32—15 ka) was characterised by enhanced
dust accretion and harsh, periglacial conditions (Lehmkuhl
et al., 2021). Typical features for these periods are Gelic
Gleysols (tundra gleys) and ice-wedge casts (Antoine et al.,
2016). In the LRE, the UPG deposits show a typical suc-
cession encompassing inter alia the so-called Eben Zone
(Schirmer, 2003).

The study site is located within the so-called Aldenhoven
loess plateau as part of the Borde region of Jiilich (Knaak
et al., 2021). This plateau, situated between the Wurm, Inde,
and Rur rivers in the foreland of the northern Eifel Moun-
tains (Fig. 1), is slightly inclined towards the northeast (170-
75ma.s.l.). Vast loess blankets cover the palaeorelief, which
is characterised by small dendritic river systems. These blan-
kets mainly formed during the Late Pleistocene as dust was
entrained from the Middle Pleistocene terraces of the Rhine,
Meuse, and Rur rivers. Steps in the landscape, where loess
thicknesses vary considerably within a few metres, are in-
dicative of recent differential tectonic processes. Late Pleis-
tocene to Holocene features approx. 1km northwest of the
studied sequence, such as solifluction layers or other strati-
graphic markers, show tectonically induced offsets of ap-
prox. 1 m, indicating younger tectonic movements (Fig. S1
in the Supplement). Additionally, tectonics shaped the hydro-
logical system, as river deflections are abundant in the study
area.
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Figure 1. Location of the Siersdorf LPS (black triangle) (a) within the European loess belt, (b) in Germany, and (c¢) within the Lower Rhine
Embayment. Distribution of aeolian sediment according to Lehmkuhl et al. (2021). (d) Simplified and generalised loess stratigraphy for
central Europe, adapted from Zens et al. (2018).
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2.2 The Siersdorf loess—palaeosol sequence

The Siersdorf (SID) LPS was exposed during construction
works of the Zeelink natural gas pipeline in the central part
of the Aldenhoven loess plateau (Fig. 1). The investigated
sequence is 6 m thick (Fig. 2) and developed within a chan-
nel of a presumably Middle Pleistocene terrace of the Meuse.
The deposits of the Meuse covered large parts of the central
LRE during the Pleistocene (Boenigk and Frechen, 2006).
The incised channel acted as a sediment trap throughout
the Late Pleistocene and Holocene. Based on field observa-
tions, the sequence can be subdivided into five main units:
the base, unit I, is characterised by greyish-dark-brownish
silts, which change colour during drying to grey. Nearby core
drillings indicate strong hydromorphic overprinting of these
layers (Fig. S2). The upper part of this layer shows a high
abundance of mollusc shells and shell fragments. The over-
lying loess (unit II) is laminated and partially characterised
by cryoturbation features. At the base of this relocated loess,
a thin, blackish layer occurs. The laminated layer stretches
from 4.8 to 3.5m below surface. Small ice-wedge pseudo-
morphs frequently disturb the layering, which shows varying
contents of silt and sand. On top of the layered loess adjoins
an orange, wavy layer (unit III). Greyish-brownish palacosol
layers, which show characteristics of Gelic Gleysols, built
the uppermost part of unit III. Above this complex, the se-
quence consists of relatively unaltered loess (unit IV). This
loess is also the fill material for massive ice-wedge pseu-
domorphs approx. 3m left of the sampled section, which
pierces the below-lying units until the top of the lowermost
layer (Fig. 2). A humic, finely layered colluvial unit covers
the loess (unit V). This reworked sediment contains small
pebbles and charcoal flitters. The uppermost 90 cm of the se-
quence is anthropogenically disturbed.

3 Methods

3.1 Field work and sampling

The SID LPS was sampled in May 2021 after exposure dur-
ing construction works of the Zeelink natural gas pipeline.
Prior to description and sampling, several decimetres of ex-
posed sediments were removed to avoid contamination with
weathered and relocated material. The sequence was de-
scribed in detail from the bottom to the top. Samples for sed-
imentological, geochemical, and colorimetric analyses were
taken in a continuous sampling trench. Sampling was con-
ducted using freshly cleaned tools and sterile plastic bags.
The anthropogenically disturbed uppermost 90 cm was not
sampled. The colluvial unit (0.9-1.7m) was sampled in
10 cm increments, whereas the rest of the sequence was sam-
pled every 5 cm.

For luminescence dating, six samples were taken horizon-
tally with steel cylinders from selected units (for position
of samples, see Fig. 2). Subsequently, the sediment within
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a 30 cm distance to the cylinders was sampled for dose rate
determination.

3.2 Sedimentological, geochemical, and
spectrophotometric analyses

The samples were dried at 35°C, sieved to the fraction
< 2mm, and two subsamples of each sample (0.1 and 0.3 g)

were pre-treated with 0.7 mL H,O, (30 %) at 70 °C for 12 h.
This process was repeated until bleaching of the material was
visible (Allen and Thornley, 2004) but not longer than 3 d.
To keep the particles dispersed during analysis, the samples
were treated with 1.25 mL NasP>0O7-10H,O in an overhead
shaker for 12 h. The grain size was determined with a Beck-
man Coulter LS 13 320 laser diffractometer using Mie theory
(fluid refractive index (RI): 1.33, sample RI: 1.55, imaginary
RIL: 0.1) (Ozer et al., 2010; Nottebaum et al., 2015; Schulte
et al., 2016). Grain size distributions were calculated and vi-
sualised as distribution heatmaps according to Schulte and
Lehmkuhl (2018, Fig. 3). To detect (neo-)formations of clay
minerals, the differences between the two optical models of
Mie theory and the Fraunhofer approximation were calcu-
lated and centred log transformed (Schulte and Lehmkuhl,
2018). The results are visualised as heatmaps as well (Fig. 4).

Inorganic geochemistry was analysed using energy disper-
sive x-ray fluorescence (EDPXRF) using a SPECTRO XE-
POS. This device detects 50 elements from sodium (Na)
to uranium (U), excluding erbium and ytterbium. The sam-
ples were sieved to the silt fraction (< 63 um) and dried at
105°C for 12h. A subsample of 8 g for each sample was
mixed with 2 g FLUXANA CEREOX wax, homogenised in
a shaker. The sample was pressed to a pellet with a pres-
sure of 19.2MPa for 120s. The measurements were con-
ducted by means of a pre-calibrated method. Each sample
was measured in duplicate, and the pellets were rotated by
90° between measurements to avoid matrix effects. Conspic-
uous samples, where the difference of both measurements
was striking, were measured again in duplicate to avoid an-
alytical artefacts. Geochemical data are visualised as depth
plots and in the form of the A-CN-K ternary diagram ac-
cording to Nesbitt and Young (1984). The carbonate content
was defined volumetrically using a SCHEIBLER apparatus
(ISO 20693, 1995; Schaller, 2000).

Spectrophotometric analysis was conducted using a Kon-
ica Minolta CM-5 spectrophotometer, following previously
published methodologies (Eckmeier and Gerlach, 2012;
Vlaminck et al., 2016). This device uses the diffused reflected
light from a standardised source (2° Standard Observer, Illu-
minant C) to obtain the colour spectra of the visible light
(360 to 740 nm). The results were converted to the CIELAB
colour space (L*a*b*) using the SpectraMagic NX software
(Konica Minolta). The dried and homogenised samples were
measured in duplicate and averaged.
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ical, and spectrophotometric proxies of the Siersdorf LPS. Stratigraphic units (I-V) are shown for orientation.

3.3 Luminescence dating

Sample preparation and measurements were conducted in
the Cologne Luminescence Laboratory (Cologne, Germany)
and included pre-processing under red light conditions. Stan-
dard procedures of fine-grain preparation included chemi-
cal treatment with HCI (10 %), H,O, (10 %), and NayCr04
(0.01 N) to remove carbonates, organic components, and ag-
gregates. The 4—11 um fraction was then separated by set-
tling due to gravitation and centrifugation following Frechen
etal. (1996). To derive pure quartz, the 4—11 um fraction was
etched with HF (37 %) and finally washed with HCI (10 %).

Equivalent dose measurements were performed on an
automated Risg TL/OSL DA-15 reader (DTU Nutech,
Roskilde, Denmark) equipped with a calibrated *°Sr /20y
beta source. Discs were prepared by pipetting a suspen-
sion of 1 mg sediment and 0.2mL deionised water and
drying them afterwards. Polymineralic fine-grain samples
were stimulated for 200 s by using infrared diodes (870 nm,
FWHM =40) and detected through an interference filter
(410nm). To obtain a feldspar signal not (or not signif-
icantly) affected by anomalous fading, a post-infrared in-
frared (pIRIR) stimulated luminescence protocol was applied
with a second stimulation temperature of 290 °C (pIRIR9g)
following Thiel et al. (2011). For quartz fine-grain samples,
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signals were stimulated with blue LEDs and detected through
a U340 filter. Measurements followed a conventional single
aliquot regenerative dose (SAR) protocol (Murray and Win-
tle, 2000).

The suitability of both measurement protocols for the sam-
ples of this study was tested based on preheat plateau (only
for quartz samples) and dose recovery tests (for all samples).
Furthermore, laboratory residual doses after solar simulator
bleaching for 24 h and laboratory fading following Auclair et
al. (2003) were determined for pIRIR»g¢ signals. For each
sample, the palaecodose was calculated based on 5-12 ac-
cepted aliquots. Aliquots outside a 20 range were excluded
from further calculations. Since scatter in dose distributions
of fine-grain samples is completely absent (reflected by over-
dispersions of around zero for all samples), the arithmetic
mean plus standard deviation was chosen to calculate burial
doses.

Dose rates were determined by measuring uranium, tho-
rium, and potassium contents using high-resolution gamma
spectrometry (Ortec PROFILE M-Series GEM P-type Coax-
ial HPGe Gamma-Ray Detector). Dosimetry and age calcula-
tion were conducted in the DRAC environment (version 1.2;
Durcan et al., 2015) using typical water contents of European
loess (i.e. 15 £ 5 %; Pécsi, 1990; Klasen et al., 2015) instead

E&G Quaternary Sci. J., 72, 77-94, 2023
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of in situ measured ones, as these likely underestimate the
hydromorphic conditions at the SID site. Further details on
the measurement procedure of dose rate and equivalent dose
determination are given in the Supplement.

4 Results

4.1 Sedimentological, geochemical, and
spectrophotometric analyses

The grain size distributions (GSDs) of SID show typical pat-
terns for central European loess deposits. Figure S3 shows
the distribution curves for all main units identified during
fieldwork. The lowermost unit I shows a unimodal GSD with
amode in the middle-coarse silt fraction. The contents of fine
particles, especially fine silt and clay, are elevated. The lam-
inated loess unit shows high variations in GSDs. The over-
lying cryoturbated loess layers show less variations, with
strong modes in coarse silt and varying clay and sand con-
tents. The GSD of the brownish-greyish palaeosol also shows
aunimodal shape with a mode in coarse silt. Since other frac-
tions, especially clay, are increased, this mode does not show
as high values as the other layers. The uppermost loess layer
shows a strong coarse silt mode, whereas the colluvial unit is
relatively clay rich.

The geochemical results (Figs. 3-5) were utilised to cal-
culate the Chemical Index of Alteration (CIA; Nesbitt and
Young, 1982) to determine phases of enhanced chemical
weathering. The basal complex does not show any variations
in the CIA with all values being lower than 70. The lami-
nated loess package shows higher values of > 70, as does the
orange cryoturbated layer. The uppermost loess layer again
shows decreased values, with a peak on the base of the over-
lying colluvial unit. The A-CN-K ternary diagram shows a
distribution broadly parallel to the CN join, which can be
broadly divided into two clusters (Fig. 5). The lower clus-
ter is uniformly parallel, whereas the upper cluster shows
some tendencies towards a more vertical distribution. A sim-
ilar pattern is reflected by spectrophotometric analyses. The
lower unit shows slight variations in the L*, a*, and b* val-
ues. The layered unit shows rapidly decreased L* and in-
creased a* and b* values. The orange cryoturbated layer
shows the maximum values for a* and b*, whereas the upper
loess shows decreased redness and yellowness values. The
colluvial unit is characterised by dark (low L*) and brown
colours (high a*).

4.2 Luminescence dating

The results of the luminescence experiments are presented
in the Supplement. All parameters relevant for age calcula-
tion and calculated ages for the six luminescence samples
are presented in Table 1. Palacodoses were calculated based
on De measurements of 5-10 aliquots that were all accepted
for data analysis (the very low scatter between De values did
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Figure 5. A-CN-K ternary diagram according to Nesbitt and
Young (1984) for the Siersdorf LPS. The Chemical Index of Al-
teration is displayed on the y axis.

not require a larger number of aliquots). Given the absence
of significant over-dispersion (Figs. S11 and S12), the arith-
metic mean was chosen as the appropriate age model.

For polymineralic samples, burial doses range from
77 £1Gyr (SID L1) to 177 £5 Gyr (SID L4). For the up-
permost five samples, resulting ages are in stratigraphic order
(Fig. 6). In contrast, the quartz ages are in line with the whole
sedimentary sequence except for SID L1. Here, the quartz
age of 34 ka significantly overestimates the feldspar age of
16ka. Since it causes an inversion compared to the layers
dated below, the quartz age of SID L1 should not be trusted.
We have no explanation for this overestimation (since the
pIRIR ages are significantly younger, this cannot be a bleach-
ing issue), but this unit must be younger than at least 20 ka
(SID L2). For SID L2 and L3, both quartz and feldspar ages
are identical and yield ages of 18 to 23ka. The quartz and
pIRIR29¢ ages calculated for samples SID L4 and LS5 overlap
within their uncertainties. The quartz and pIRIR29g ages for
SID L6 show an age inversion to the samples above and are
therefore not stratigraphically consistent.

5 Discussion

5.1 Formation processes of an atypical loess sequence
in the Lower Rhine Embayment

The Siersdorf LPS is a valuable archive for Weichselian
Pleniglacial landscape dynamics. Combined sedimentolog-
ical, geochemical, and spectrophotometric methods reveal
distinct changes of environmental conditions and associated
geomorphic processes during the formation of the investi-
gated LPS, indicating a more heterogeneous environment in
the LRE than previously assumed.
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Figure 6. Age depth plot with feldspar ages and quartz ages.
Age estimates for the Middle Pleniglacial (MPG), early Upper
Pleniglacial (UPGa), late Upper Pleniglacial (UPGb), and the
Holocene according to Zens et al. (2018).

5.1.1 Unit|l

Unit I shows uniform patterns in most of the analysed proxy
data. Especially the GSD and AGSD show almost no vari-
ations within this unit (Figs. 3 and 4). The low, uniform
AGSD excludes this unit as a palaeosol, as pedogenic pro-
cesses would favour the formation of clay minerals (Schulte
and Lehmkuhl, 2018), which was observed for LPSs in the
Rhine-Meuse catchment (Zens et al., 2018). The lack of
large quantities of sand, as well as the uniform GSD of the
unit, excludes large-scale relocation processes, pointing to
an in situ formation of this unit. In-field measurements of the
magnetic susceptibility in SID revealed low values for the
respective lithological unit (Knaak et al., 2021), precluding
biogenic formation of iron oxides. The proxy data, e.g. the
low and uniform AGSD, indicate that unit I does not repre-
sent a typical interstadial palaeosol.

The unit’s bright-greyish hues, shown by high L* and low
a* and b* values (Fig. 3), indicate a reductive milieu during
or after deposition of the medium-coarse silt. The uniform
sedimentology together with these grey shades point to a de-
positional milieu differing from the typical dust traps such as
topographic barriers (Antoine et al., 2016; Lehmkuhl et al.,
2016) or vegetation. A possible explanation for these pre-
vailing reductive conditions would be a dust deposition in a
semi-terrestrial environment. Such an environment was re-
ported from the Bobingen LPS (BOB) in southern Germany
(Mayr et al., 2017). The site was covered by a lake dur-
ing the MPG, which is reflected by highly reduced blueish-
greyish sediments and lacustrine faunal remains. During the
late MPG, the lake silted up, and typical subaerial loess for-
mation began. A similar situation was reported from the Rin-
gen LPS (RGE) in the Middle Rhine Valley, where a gyttja
was correlated to the MPG based on palynological evidence
(Henze, 1998). This unit shows blueish-greyish hues and a
silty-clayey texture and is approx. 2m thick (Fig. S4). The
colour and texture change towards the top, as the top is more
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oxidised and contains coarser grains. This succession reveals
that the gyttja at the Ringen LPS, as a trap for both mois-
ture and mineral dust, was continually covered by increased
input of aeolian detrital material during the MPG-UPG tran-
sition, silting up the marshy environment. Similar conditions
have been reported from the Bina LPS in Slovakia, although
these were correlated to the Lower Pleniglacial (marine iso-
tope stage (MIS) 4) (Hosek et al., 2017).

Besides macroscopic similarities between the two units
of SID and RGE, the respective sedimentological evidence
also points to similar environmental conditions. Both LPSs
show unimodal GSDs, dominated by medium-coarse silt
with slightly elevated clay contents (Fig. S3). These distri-
butions indicate input of aeolian dust. Increased sand con-
tents indicate additional but considerably less input by sur-
face runoff. The water-saturated conditions are imprinted
not only in greyish colours and sedimentology but also in
wavy, flaky structures reported from field observations, in-
dicating a micro-layering in a quiescent depositional en-
vironment. In RGE and BOB, the sediment is completely
bleached and shows signs of intense reduction of ferruginous
compounds, namely blueish-greyish hues. In SID, however,
the lower intensity of reduction processes indicates shorter
phases of semi-terrestrial conditions compared to the former
sites. However, another plausible explanation is that the unit
did not develop under proper lacustrine conditions compara-
ble to BOB or RGE but in a marshy wetland situation, pre-
sumably with seasonal drying phenomena.

Within around 10 %, the carbonate content within unit I
allowed the preservation of a high number of mollusc shells
and shell fragments. Although no samples according to
proper malacological protocols were taken, some cautious
interpretation of malacofauna is feasible, always against
the backdrop of the methodological issues. For this rough
screening, bulk sediment samples from unit I were wet sieved
(2 mm mesh) to separate the molluscs from the sediment. The
tentative analyses show a poor species community with only
two species comprising a high number (> 2000 individuals)
of Trochulus hispidus and a smaller number (< 30 individ-
uals) of Succinella oblonga. Both are euryoecious species,
tolerating a wide range of conditions. The high number of
shells that stood out visually in this layer is an indication that
there was more vegetation and thus food supply and shelter
compared to the rest of the sequence. However, Trochulus
hispidus as well as Succinella oblonga are typical represen-
tatives of the poor snail communities found under extreme
environmental conditions within Pleistocene loess ecosys-
tems (e.g. Moine, 2008), as they are highly adaptable and
able to tolerate both drought as well as temporary flood-
ing. Their mere presence might indicate frequent wet-to-
waterlogged ground conditions due to a depressed relief,
permafrost-caused impermeable subsoil, and enhanced pre-
cipitation. Although caution is required due to methodologi-
cal deficits, the low biodiversity and imbalance in the distri-
bution of individuals among species equally indicate a highly
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stressed ecosystem and harsh conditions. Better conditions
e.g. due to better-drained grounds and longer vegetation pe-
riods usually relate to a higher biodiversity within the snail
communities (see Moine, 2008). For a more reliable inter-
pretation, however, a detailed examination of the gastropod
fauna is necessary, including an adequate sampling technique
and analyses of the complete sequence.

From a geomorphogenetic point of view, the position of
SID in an incised channel favours both sediment accumula-
tion and moisture availability (Lehmkuhl et al., 2016). Espe-
cially during times with waterlogging, e.g. induced by per-
mafrost conditions, moisture became concentrated in such
depressions. These conditions led to the formation of wet-
lands, with temporary flooding within the channel caused by
increased precipitation. As the Late Pleistocene was charac-
terised by several phases of relatively enhanced dust fluxes
(Zens et al., 2018; Fischer et al., 2021), and the SID site is
located near potential dust sources, mainly the Pleistocene
braided systems of the Meuse and the Rhine, as well as their
tributaries (Lehmkuhl et al., 2018), these ponds were sub-
jected to periodical inputs of aeolian dust. Although unit I
partially shows slightly elevated sand contents (Fig. 3), the
generally fine and particular unimodal GSD indicates input
of aeolian dust into this marshy environment as the major
sedimentological process.

5.1.2 Unitll

After the marshy environment was covered with aeolian dust,
formation of unit II began. This unit’s main characteristics
are a distinct layering with alternating dark brown and ochre-
beige bands as well as small ice-wedge pseudomorphs per-
meating the layers. Generally, the transition from unit I to
unit II shows sharp decreases or increases in most analysed
proxies (Figs. 3 and 4). Especially the GSD from a medium-
coarse silt mode to a mode bordering the fine-sand fraction
may indicate erosional processes during this transitional pe-
riod. Layered units in LPSs are well known from the ELB
(Lehmkuhl et al., 2021; Antoine et al., 2016, 2001, 2013).
They are usually correlated to the Upper Pleniglacial Hes-
baye loess (Haesaerts et al., 2016; Schirmer, 2016) and are
explained by a shift towards colder, more humid climatic
conditions, including extensive snow covers during winter.
Dust sedimentation on snow covers leads to a fine lamina-
tion, which is most likely due to micro-sorting processes dur-
ing snowmelt. These laminations are usually a few millime-
tres thick with sandy bases fining-up upwards (Antoine et
al., 2001). The laminations in SID, however, are partly sev-
eral centimetres thick and show distinct differences in both
colour and grain size. These differences show up by the re-
flectance data and the grain size patterns: generally, unit II is
coarser than unit I. Additionally, it shows larger GSD varia-
tions with sandier bands. These sandier bands usually show
higher a* values and a higher CIA, indicating soil sediment
eroded from higher topographic positions deposited in the
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channel. The GSD, especially with the high fluctuations of
sand contents, excludes in situ soil-forming processes in this
unit, although the AGSD is elevated in the clay fraction com-
pared to unit I. Usually, this proxy is an indicator for in situ
soil formation, as it reflects the neo-formation of clay miner-
als (Schulte and Lehmkuhl, 2018). In the case of unit II, how-
ever, the high AGSD together with other granulometric and
sedimentological features rather point to a short-range trans-
port of eroded soil material, where clay agglomerates were
not destroyed during transport, and clay particles were not
removed by further outwash. The stratigraphic inconsisten-
cies of the luminescence ages (see Fig. 6 and Sect. 4.2) also
indicate relocation by surface runoff, hindering complete
bleaching of the material. Relatively low contents of car-
bonate within unit II also point to soil sediments, as carbon-
ates were removed by leaching prior relocation. The lighter
bands are associated with higher grain size index (GSI) and
U-ratio values due to increased aeolian input of mineral dust
or rather increased deposition of relocated loess (Fig. 4). The
slightly vertical point distribution within the upper cluster of
the A-CN-K ternary diagram, a feature which indicates hy-
draulic sorting (Potter et al., 2021; Ohta, 2004), also points
to reworking. Unit II was frequently overprinted by harsh,
periglacial conditions, as indicated by a multitude of small,
centimetre-scale ice-wedge casts permeating several layers
of the package. The sedimentological features of the unit are
the results of fluctuating environmental conditions during the
formation phase of unit II.

5.1.3 Unitlll

Unit IIT of the SID LPS shows a characteristic succession of
an orange layer and two distinct palaeosol layers (Fig. 2).
The sediments of unit III generally have finer GSD modes
compared to unit II, paired with a slightly decreased U ratio
and GSI. The entire unit shows evidence of heavy rework-
ing by cryoturbation, especially wavy-layer contacts and low
AGSD values for the clay fraction. This succession strongly
resembles the so-called Eben Zone (see Sect. 5.2), which
is an important UPG marker horizon for the oceanic ELB
(Lehmkuhl et al., 2021; Schirmer, 2003). This zone is re-
flected in the proxy data, e.g. by enhanced clay contents and
low GSI and U-ratio values between 3 and 2.5 m depth. The
reworking of the soil material is expressed in the absence of
very fine particles, shown in the AGSD ratios (Fig. 4). Gen-
erally, unit III shows fewer signs of intensive soil formation
processes and less evidence for reworking by surface runoff
than the layers of unit II. The carbonate contents and L* val-
ues are increased as opposed to the decreased CIA and a*
values (Fig. 3).

5.1.4 Unit IV

Unit IV is composed of relatively unaltered loess. The unit
is well sorted and is characterised by a typical GSD for cen-
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tral European loess deposits, showing a strong mode in the
coarse silt fraction (Fig. S3). The high carbonate contents of
approx. 20 % and L* values of approx. 66 show characteris-
tic values for pristine Late Pleistocene deposits of the western
ELB. Unit IV was, therefore, formed by the deposition of ae-
olian dust and subsequent loessification processes. The sharp
contact to the above-lying unit V, however, both observed in
the field and in proxy data (Figs. 3 and 4), points to a phase
of erosion after unit IV was formed.

51.5 UnitV

The uppermost unit V shows a combination of no carbonate,
high a* values, and reflectance (L*). Macroscopic features,
such as the fine layering and the high abundance of charcoal
flitters, together with lack of carbonate and relatively uniform
GSD, point to a colluvial origin of this layer. During colluvi-
ation, (soil) sediment eroded from higher positions was trans-
ported to and deposited at the site. Additionally, the layer was
influenced by post-depositional alterations, such as decalci-
fication.

5.2 Reconstruction of Pleniglacial dynamics

In combination with the luminescence dating results (see
Sect. 3.2), the formation processes of the Siersdorf LPS draw
a detailed picture of regional imprints of the late MPG-UPG
transition in the western ELB. The Pleniglacial dynamics
of the SID site are summarised in the following conceptual
model (see also Fig. 7). The correlation of unit I to the MPG—
UPG transition (Fig. 7a and b) is based on one sample (SID
L6) near the upper boundary of the unit. Luminescence anal-
yses yield ages of 24.9+ 1.8ka (Q) and 22.6 £ 1.2ka (KF,
potassium feldspar) respectively. These ages indicate that the
marshy environment at SID prevailed at least until the Up-
per Pleniglacial phase a (UPGa) sensu (Zens et al., 2018).
Nearby core drillings, however, show that this unit is in total
approx. 2 m thick, reaching a depth of around 7 m (Fig. S2).
Therefore, the waterlogged environment in the incised ter-
race channel occurred during large parts of the UPGa and
most likely also during the MPG-UPG transition. This inter-
pretation, however, is based on the SID L6 sample and strati-
graphic evidence. Further and more detailed reconstructions
of fluctuations within the MPG require a denser chronologi-
cal framework, e.g. by radiocarbon dating of mollusc shells.
Nonetheless, the here-presented data allow a tentative corre-
lation of unit I to the MPG-UPG transition.

The MPG, closely correlated with the MIS 3, was a phase
of severe environmental fluctuations in the ELB. Periods of
climatic ameliorations and pedogenesis, due to higher mois-
ture availability (Fischer et al., 2021; Antoine et al., 2013;
Schirmer et al., 2012; HoSek et al., 2017; Vinnepand et al.,
2020), alternated with periods of erosion and (re-)deposition
of soils and sediment (Meszner et al., 2011, 2013). Phases
of soil formations can be traced in proxy data, as the AGSD
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Figure 7. Schematic model of the Middle and early Upper
Pleniglacial site formation of the Siersdorf LPS. (a) Marshy wet-
land conditions during the late MPG. (b) Silting up by aeolian input
and surface runoff during the late MPG to early UPG. (¢) Formation
of layered unit by relocation of silty and sandy material by surface
runoff in the early UPG (UPGay). (d) Periglacial overprinting and
deformation of the layered unit during the LGM (UPGay). (e) Typ-
ical, subaerial loess formation during the UPGb.

signals (Zens et al., 2018), organic carbon contents (Fischer
etal., 2021), or the a* values increase in palaeosols (Krauf3 et
al., 2016), whereas relocation can be reconstructed e.g. using
grain size data (Meszner et al., 2014). In SID, the late MPG
and early UPG are characterised by marshy conditions (see
Sect. 5.1). These conditions were favoured by waterlogging
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due to permafrost (Fig. 7a), which was observed for other
regions of the ELB (Sedov et al., 2016). These conditions
are also reflected in the tentative malacological results, which
show a potentially wet environment where the faunal assem-
blages were subjected to environmental stress.

The silting up of the marshy environment lasted during
the MPG-UPG transitions until the early UPG (UPGa sensu;
Zens et al., 2018). This phase of rapid climatic deteriora-
tion is in European loess landscapes coupled with a strong
increase in dust production and subsequent loess formation
(Meszner et al., 2013; Meyer-Heintze et al., 2018; Lehmkuhl
et al., 2016; Antoine et al., 2013, 2009). This period is con-
sidered the phase with the highest dust accumulation rates
in Europe (Zens et al., 2018; Frechen et al., 2003). In the
LRE and other oceanic-influenced loess regions, the loess de-
posits of the beginning UPG, the so-called UPGa (Lehmkuhl
et al., 2016; Zens et al., 2018, 2017), are named Hesbaye
loess, (Schirmer, 2016) after the Belgian loess region (Hae-
saerts et al., 1997, 1981). The layered Hesbaye loess is often
characterised by fluvial reworking or by dust deposition and
loess formation under snow-influenced conditions. This fea-
ture is typical for the ELB and can be found from France to-
wards the East European Plain (Antoine et al., 2009; Zens et
al., 2018; Lehmkuhl et al., 2021). In SID, the layered unit II
is dated by the quartz ages of samples SID L4 and L5 to
36.7-26.5ka (Fig. 6). These calculated ages are stratigraphi-
cally inconsistent compared to SID L6, indicating deposition
of older material after the formation of unit I. The inherited
older ages of L4 and L5 as well as slightly older feldspar
ages point to incomplete bleaching due to the relocation of
the sediment, which points to a short transport range dur-
ing sediment transport by surface runoff. The erosional pro-
cesses during the MPG-UPG transition and the early UPG
are widespread phenomena within the ELB (Meszner et al.,
2013), often removing large parts or even entire MPG suc-
cessions. The proxy data of unit II, in combination with the
luminescence properties, allow for a reconstruction of short-
scale transport of Middle Pleniglacial soil material during the
UPGa, particularly to the steppe phase (Zens et al., 2018;
Sirocko et al., 2016). The relocated material was frequently
subjected to harsh, periglacial conditions, as indicated by a
multitude of small ice-wedge casts (Fig. 2). Based on these
geomorphological features, the periglacial overprinting is
correlated to the tundra stage of the UPGa (Zens et al., 2018;
Sirocko et al., 2016) where cold, dry conditions prevailed.

The later UPG succession (UPGb; Lehmkuhl et al., 2016;
Zens et al., 2018, 2017) is also known as the Brabant mem-
ber in the regional stratigraphy and mostly reflects loess
formation during fully glacial conditions (Schirmer, 2016,
2000). Samples L4 and L3 bracket the orange and brownish-
greyish complex of unit III, with ages between 30 and
21ka. The ages, especially derived from quartz minerals
(L4: 29.6 =3.1ka; L3: 20.7 % 1.2ka), as well as the char-
acteristics of this unit, allow a correlation with the so-called
Eben Zone, composed of the orange Kesselt layer and the
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brownish-greyish Belmen and Elfgen soils (Schirmer, 2003).
The high overlap of quartz- and feldspar-derived lumines-
cence ages can be explained by the aeolian origin of this
layer, which was indeed overprinted by periglacial processes
but not by relocation. This characteristic zone is restricted
to the Lower Rhine area and is a key marker layer for the
UPG (Zens et al., 2018; Lehmkuhl et al., 2016, 2021). Sam-
ples L3 and L2 reflect the MIS 2 age of the Brabant loess.
Their partial overlap within uncertainties allows a tenta-
tive, semi-quantitative reconstruction of accumulation rates,
which were the highest during the LGM. This is in accor-
dance with the general aeolian setting of the ELB (Rousseau
et al., 2021). The typical subaerial characteristics of the up-
per units of SID indicate drier conditions compared to unit I,
which can be related to the ongoing filling of the channel and
lower moisture availability.

As the geomorphological setting is crucial not only for
dust accumulation but also for preservation of LPSs espe-
cially (Lehmkuhl et al., 2016; Antoine et al., 2016; Markovié¢
et al., 2018), the favourable position of SID in a channel
incised into an old Meuse River terrace led to a relatively
thick accumulation of most likely Middle but especially Up-
per Pleniglacial sediments. Although LPSs in other extraor-
dinary geomorphological situations such as loess dunes, so-
called gredas (Antoine et al., 2001, 2009), or near water-
sheds (Henze, 1998; Zens et al., 2018) allow even thicker
Pleniglacial loess deposits, the UPG record of SID exceeds
those of many other regions in adjacent areas (Krauf et al.,
2021; Antoine et al., 2016; Rahimzadeh et al., 2021; Krauf}
et al., 2016). Unit IV preserved 1 m of unaltered loess. Al-
though loess formation generally continued throughout the
late glacial in the Rhenish loess realm (Zens et al., 2018;
Fischer et al., 2021), the SID sequence does not show any
signs of late MIS 2 loess formation. The uppermost sam-
ple SID L2 within the Brabant loess yields quartz ages of
20.4 £ 1.5ka (feldspar: 19.2 & 1.1ka), indicating late UPG
ages for loess formation of the youngest preserved loess.
Late glacial loess formation cannot be excluded for SID.
However, these deposits were most likely eroded during the
Pleistocene—Holocene transition. Extremely harsh and cold
periglacial conditions during the UPG have influenced the se-
quence, as a large approx. 2 m deep ice-wedge pseudomorph
pierced almost the entire sequence 3 m from the sampling
spot (Fig. 2). As this cast is filled with material very similar
to unit IV and pierces all underlying units, the age can be
constrained to the UPG, although no direct timing was pos-
sible.

The LRE was strongly affected by anthropogenically in-
duced soil erosion since the Early to Middle Holocene (Ger-
lach, 2006; Gerlach et al., 2006; Protze, 2014; Schulz, 2007;
Gerz, 2017). However, the feldspar age calculated from the
sample SID L1, taken from the base of the colluvial unit,
yields a late glacial age (16.2+0.8ka). The quartz age
(34.4 £ 2.5ka) was excluded from the discussion, as it can-
not be explained e.g. by partial bleaching possibly during
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extreme precipitation events. As the widespread and inten-
sive colluviation in the area only occurred in the Middle
to Late Holocene (Schulz, 2007; Protze, 2014), it appears
that the material was not fully bleached during relocation.
Therefore, an exact timing of these erosional processes is not
possible. Stratigraphical evidence of nearby exposures, how-
ever, indicates tectonic activities during the Late Pleistocene
and Holocene, as features such as the decalcification bound-
ary were affected by tectonic displacement. Therefore, the
colluviation in SID could be the result of a landscape reor-
ganisation due to tectonic movements in a highly active re-
gion (Ferndndez-Steeger et al., 2011; Reicherter et al., 2011;
Griitzner et al., 2016).

The sedimentary sequence of SID shows a complex inter-
play of various depositional milieus together with proposed
active tectonic setting. It is a valuable archive for landscape
dynamics in the LRE and suggests that the area was highly
diverse during the Late Pleistocene. The high-resolution sed-
imentological, geochemical, and spectrophotometric analy-
ses reveal a change from wetter conditions with ephemeral
ponds and wetlands to a silting up of these wetlands and
highly erosive conditions towards typical subaerial loess for-
mation. The SID sequence, therefore, is a crucial addition to
the framework of the landscape analyses of the Pleniglacial
western ELB.

6 Conclusions

The Siersdorf LPS is an important site for Late Pleis-
tocene dynamics of the Lower Rhine Embayment, indicat-
ing changing depositional environments during the period
covered. The combination of sedimentological, geochemical,
and spectrophotometric data with luminescence dating and
tentative malacological tests shows that the sequence was un-
der the influence of a marshy wetland environment during the
late MPG and early UPGa, a unique feature for the LRE. Ob-
served permafrost-induced conditions show the strong influ-
ence of the geomorphological setting and related processes
on characteristics of sedimentary sequences. The UPGb was
influenced by long-lasting erosional processes, which, how-
ever, were constrained to short-range transport mechanisms.
The typical subaerial formation processes of the upper part
of the sequence correlated to the UPGa, with typical regional
marker horizons such as the Eben Zone, point to cold-arid
conditions during this time, as observed for large parts of the
European loess belt. Overall, this study stresses the impor-
tance of the geomorphological setting and related sedimento-
logical and post-depositional processes in relation to the for-
mation, preservation, and resulting characteristics of LPSs.
Our results show not only that the LRE was subjected to fluc-
tuating climate during the Pleniglacial but also that the area
was more fragmented than previously thought, especially re-
garding the environmental setting.
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