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Abstract: Archeological and geoscientific research in loess landscapes remains challenging due to erosional dis-
cordances and the relocation of sediments by fluvial erosion and slope wash. The Lower Rhine Em-
bayment (LRE) can serve as a blueprint for archeological and paleoenvironmental research in loess
landscapes of Central Europe. The accumulation of wind-blown dust; paleosols developed therein;
and the archeological artifacts preserved in loess, colluvial or alluvial sediments are evidence of the
Pleistocene and Holocene dynamics of the landscape. Geomorphologic processes in different and spe-
cific relief positions must be considered different processes that transform and relocate sediments and
archeological remains. Besides aeolian accumulation, erosion and deflation have also transformed the
landscape of the LRE. These include fluvial slope wash, gully formation, colluviation, and periglacial
processes such as solifluction, cryoturbation and the formation of ice wedge pseudomorphs. In addi-
tion, other post-depositional processes, including weathering and soil formation, modify the sedimen-
tary record. In light of the landscape evolution from more hilly landscapes to the flat, agriculturally
used terrain we see today, we highlight the relevance and importance of different geomorphological
and soil processes including their impacts and challenges for archeological and geoscientific studies.

Kurzfassung: Archäologische und geowissenschaftliche Forschung ist in Lösslandschaften aufgrund von Ero-
sionsdiskordanzen und der Verlagerung von Sedimenten durch fluviale Erosion bis heute eine
Herausforderung. Die Niederrheinische Bucht kann als Blaupause für die archäologische und
paläoökologische Forschung in mitteleuropäischen Lösslandschaften dienen. Die Akkumulation von
Staub, darin entwickelte Paläoböden sowie archäologische Artefakte, welche im Löss und den
korrelaten Sedimenten wie Kolluvien und Auenlehmen erhalten geblieben sind, liefern wichtige
Hinweise für die pleistozäne und holozäne Landschaftsdynamik. All diese Indizien können helfen,
die Paläoumweltbedingungen früherer Siedlungen zu verstehen. Die verschiedenen geomorpholo-
gischen Prozesse und deren spezifische Reliefposition müssen berücksichtigt werden, da Lösssed-
imente und darin enthaltene archäologische Artefakte durch diese Prozesse umgewandelt und ver-
lagert werden können. Neben der äolischen Akkumulation haben auch Erosion und Deflation die
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Landschaft der Niederrheinischen Bucht verändert. Dies sind insbesondere fluviale Hangabspülungen,
Erosionsgullies, Kolluvien und periglaziale Prozesse wie Solifluktion, Kryoturbation und die Bildung
von Eiskeilpseudomorphosen. Darüber hinaus führen Prozesse nach der Ablagerung, einschließlich
Verwitterung und Bodenbildung, zu Veränderungen in den Sedimentarchiven. Vor dem Hinter-
grund der Landschaftsentwicklung von vorwiegend hügeligen Landschaften hin zum flachen, land-
wirtschaftlich genutzten Gelände, wie wir es heute vorfinden, beleuchten wir die Relevanz und Bedeu-
tung verschiedener geomorphologischer und bodenkundlicher Prozesse sowie deren Auswirkungen
und Herausforderungen für archäologische und geowissenschaftliche Untersuchungen und Studien.

Dedication. Dedicated to Prof. J. Richter on the occasion of his
retirement.

1 Introduction

In the last few decades, interest in geoarcheology among
geoscientists has grown, leading to increased collabora-
tion between archeologists and geoscientists in loess re-
search (Chu and Nett, 2021). Pioneering studies in the
1980s and 1990s inter alia integrated stratigraphic, sedi-
mentological and archeological data from the southern Lim-
burg (the Netherlands) to reconstruct Middle to Late Pleis-
tocene environments and human behavior (van Kolfschoten
and Roebroeks, 1985; Vandenberghe et al., 1993). Although
geoarcheology always aimed at the involvement of expertise
by specialists from both scientific branches, the implementa-
tions of geoscientific data in archeological contexts changed
throughout time. Sedimentary archives changed, in the view
of (geo-)archeologists, from the inanimate bed of archeolog-
ical finds to a part of the habitat of our ancestors, influenc-
ing their cultural evolution and behavior (see Chu and Nett,
2021, and references therein).

Generally, the bonds between loess research and
Paleolithic archeology are tight. This is due to the relatively
high number of archeological find spots in European loess
regions in comparison to other archives of terrestrial sedi-
ments. This abundance is related to several anthropogenic
and natural factors (e.g., Boemke et al., 2022). Loess land-
scapes in Central Europe are linked to Pleistocene steppic
or tundra biomes (Lehmkuhl et al., 2021), which were im-
portant habitats for hunter–gatherer subsistence. These envi-
ronments were most likely ideal hunting grounds and sup-
plied early modern humans with enough nutrition through
droves of large mammals (Sirocko et al., 2016). Given its ae-
olian origin and rapid accumulation of dust, loess provides
favorable conditions for a good preservation of open-air sites
such as the famous sites of Krems-Wachtberg (Einwögerer
et al., 2006) and Willendorf in Austria (Nigst et al., 2014),
Dolní Věstonice in Czechia (Formicola et al., 2001), and
Rheindahlen in the Lower Rhine Embayment (LRE) (Bosin-
ski, 1966). These sites are preserved due to their thick loess
cover, which protected the archeological inventory from at-
mospheric influences and relocation processes.

In the early 2000s, archeologists and geoscientists from
the University of Cologne and the RWTH Aachen Uni-
versity started to collaborate. This resulted in several joint
projects such as the CRC 806 “Our Way to Europe” be-
tween 2009 and 2021 focusing especially on the last glacial
cycle (e.g., Fischer et al., 2021, 2019, 2017; Lehmkuhl et
al., 2018, 2016; Zens et al., 2018). Joint work, especially
on Holocene reworked colluvial and alluvial sequences with
a (geo-)archeological focus, provides further results on the
changes in geomorphic processes, sedimentation and soil de-
velopment. The latter processes were caused and intensified
by the changes in land use by agriculture societies since the
Neolithic period. Several geoarcheological projects, includ-
ing PhD monographs, have focused on Holocene colluvial
and alluvial sediments in the LRE as part of these projects
(e.g., Gerz, 2017; Protze, 2014; Schmidt-Wygasch, 2011;
Schulz, 2007).

Loess in Western and Central Europe formed mainly dur-
ing cold stages of the Pleistocene. Loess consists of wind-
blown dust which was trapped by topographical barriers (An-
toine et al., 2016; Lehmkuhl et al., 2016) or by the vegetation
cover (Zech et al., 2012). Post-depositional processes, sum-
marized under the term loessification (Pécsi, 1990), lead to
the unique characteristics of loess, such as the high poros-
ity, the vertical stability when dry or the high fertility of
soils developing on loess (Sprafke and Obreht, 2016). Colder
and drier periods during glacials and stadials enabled dust
accumulation, while soil formation resulting from chemi-
cal weathering occurred during the warmer and wetter inter-
vals such as interglacials and interstadials. The cyclicity of
the environmental conditions in the Pleistocene led to alter-
ations of loess layers and paleosols, so-called loess–paleosol
sequences (LPSs). Therefore, loess deposits are valuable
archives for climate and landscape evolution in the Pleis-
tocene (Antoine et al., 2009). The characteristics of LPSs
record local to regional imprints of global climatic fluctua-
tions (Obreht et al., 2017).

However, the preservation of loess and the conservation
of potential archeological findings embedded in loess de-
pend strongly on the geomorphological setting (Antoine et
al., 2016; Lehmkuhl et al., 2016). The high erodibility of
loess may lead to large hiatuses and differences in the local
stratigraphy (Fenn et al., 2020; Obreht et al., 2015; Steup and
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Fuchs, 2017). In humid climates, where precipitation mainly
occurs as rain, LPSs are prone to relocation and reworking, as
well as soil formation processes. During the Pleistocene, the
landscapes in Central and Eastern Europe were additionally
shaped by periglacial processes, such as cryoturbation or so-
lifluction and also by aeolian deflation (Antoine et al., 2016;
Lehmkuhl et al., 2021; Zens et al., 2018). These processes
can also affect the archeological assemblage. Within the last
few years, there has been an increasing interest in archeologi-
cal open-air sites lacking stratigraphic integrity, especially in
loess landscapes (Chu et al., 2019; Fitzsimmons et al., 2020),
as they help to improve our knowledge about Paleolithic oc-
cupation patterns.

The Lower Rhine Embayment (LRE) is an important
study area for Pleistocene environmental dynamics and hu-
man behavior in Central Europe. As a typical part of the
oceanic-influenced northern European loess belt, the LRE
has been subjected to numerous geomorphological, strati-
graphic and archeological research activities within the last
decades (e.g., Fischer et al., 2017; Geilenbrügge, 2010;
Gerlach, 2006; Kels, 2007; Lehmkuhl et al., 2021, 2016;
Meurers-Balke et al., 1999; Pötter et al., 2023; Schirmer,
2016; Zimmermann, 2012; Zimmermann et al., 2005). Loess
and geoarcheological research benefited from numerous ex-
cavations resulting from past and ongoing quarrying activ-
ities in clay, marl and loess pits; in brickyards; and from
the large opencast lignite mining at Hambach, Inden and
Garzweiler (Fig. 1).

The landscape of the LRE is strongly affected by human
impact. Since the Neolithic, anthropogenic activity has trans-
formed the landscape by agricultural and various infrastruc-
tural measures. Human interferences accelerated markedly
from the Industrial Revolution onwards and were in partic-
ular enhanced by mining activities. Early mining and quar-
rying activities in the LRE include the development of marl
and clay pits and brickyards. Since the 20th century, opencast
lignite mining has been carried out. These exposures provide
insights into the structure and stratigraphy of loess sections,
as well as evidence for and findings of human occupation.
The density of archeological findings in loess landscapes is
strongly biased by these anthropogenic factors. On the one
hand, the construction of infrastructure or settlements, as
well as mining activity, increases the number of finds due to
excavating activity (Boemke et al., 2022; Gerlach, 2006). On
the other hand, these activities potentially destroy archeolog-
ical open-air sites. However, archeological artifacts may be
undetectable and inaccessible under thick loess cover, even
with geophysical prospection methods (Scharl et al., 2021).

The objective of this study is to review and cast light on
the sedimentary history of loess in the LRE, including Pleis-
tocene accumulation, relocation processes and Holocene soil
erosion. This includes processes which could be summarized
as site formation processes (see Waters and Kuehn, 1996).
The study is based on five selected LPSs from various ge-
omorphological settings and discusses climatic and anthro-

pogenic influences which have affected these deposits dur-
ing the Holocene. Challenges and perspectives for geoarche-
ological research in the LRE are highlighted based on the
site formation processes derived from a review of published
research as well as our own research.

2 Study area

The Lower Rhine Embayment (LRE) is situated in North
Rhine-Westphalia, Germany, in the northern foreland of the
Rhenish massif (Fig. 1). The LRE is part of the western Eu-
ropean rift system (Ahorner, 1962; Lehmkuhl et al., 2016;
Schirmer, 2003, 1990). It is a tectonic fracture zone dom-
inated by relative subsidence with tectonic graben, horsts
and half-horst structures. In the south, the LRE is bor-
dered by the Eifel Mountains with elevations up to more
than 600 m a.s.l. (above sea level). To the north, the LRE
opens towards the North German Plain and Westphalian low-
lands, with elevations from ∼ 160 m a.s.l. in the south to
less than 40 m a.s.l. in the north. The flat topography is in-
terrupted by fluvial valleys and horst structures with eleva-
tions of more than 200 m a.s.l. (Boenigk and Frechen, 2006).
Northwest- to southeast-striking normal faults are dominant
and divide the LRE into several blocks with different rates
of vertical movement and lateral tilting (Ahorner, 1962). The
highest subsidence occurs in the eastern part of the major
geological blocks (Ahorner, 1962; Klostermann, 1992). High
subsidence favored high sedimentation rates of Pleistocene
deposits, which mainly consist of fluvial and aeolian sedi-
ments overlying Paleogene to Neogene sands (Klostermann,
1992). However, tectonic structures appear to be of subor-
dinate importance for the distribution of aeolian deposits.
Instead, there is a strong differentiation in grain size from
northwest to southeast at the northern margin of the northern
European loess belt (Lehmkuhl et al., 2021). Quaternary flu-
vial deposits are derived from the river systems of Meuse and
Rhine, whereas the aeolian deposits can be differentiated in
vast loess covers in the south, thinner loess towards the north,
and sandy loess and aeolian sand to the northwest (Fig. 1;
Lehmkuhl et al., 2018). The thickness of loess deposits over-
lying older bedrock and Pleistocene terraces depends on the
geomorphological and tectonic setting. The larger rivers in-
cised in Early and Middle Quaternary deposits, and in these
valleys Late Quaternary fluvial, colluvial and alluvial de-
posits were accumulated.

The LRE is part of the northern European loess belt, which
extends from western France through Belgium, Germany and
Poland to Ukraine and Russia. This region preserves the most
diversified pedosedimentary records in Europe (Lehmkuhl et
al., 2021, 2016). The variability in the environmental con-
ditions during the Pleistocene influenced the deposits of the
LRE. The deposits exhibit a complex stratigraphy with ero-
sional unconformities and permafrost features such as ice
wedge pseudomorphs or cryoturbation features, as well as
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thermokarst erosional features. Within recent years, several
authors published updated stratigraphic frameworks for the
Lower Rhine loess (Fischer et al., 2019; Lehmkuhl et al.,
2016; Schirmer, 2016; Zens et al., 2018). These studies in-
clude detailed descriptions of single stratigraphic units, their
most important properties and characteristics, and their sup-
posed chronostratigraphic position (Fig. 2). The most re-
cent research activities have concentrated on the neighbor-
ing LPS of Remagen–Schwalbenberg south of the LRE. This
LPS is situated on the lower middle terrace of the Rhine
River (LMT1 after Boenigk and Frechen, 2006; Fischer et
al., 2021). New results provided one of the most spectacular
high-resolution and well-dated loess cores of Central Europe
(Fischer et al., 2021; Vinnepand et al., 2022). An overview
of the most recent stratigraphic approaches and key marker
horizons for the European loess and the LRE for the last
glacial cycle is published in Lehmkuhl et al. (2016, 2021).

Recent annual precipitation in the LRE varies between
800 mm in the western part to 650 mm in the southeast-
ern area in the rain shadow of the Eifel Mountains (Nilson,
2006). Whereas the mountainous areas are covered with for-
est, the nearby flat and mainly loess-covered areas have been
dominated by agricultural use since the Neolithic (Zimmer-
mann, 2012). Holocene climatic conditions enhanced weath-
ering and pedogenic processes, mainly decalcification, clay
formation and clay translocation. As a result of weather-
ing and soil formation processes loess sediments were trans-
formed into different soil types, ranging from initial calcic
Regolsols towards Cambisols and Luvisols. Intense agricul-
tural activity causes high soil erosion and consequently relo-
cation of soils and sediments.

3 Selected sites and their geomorphological and
sedimentological setting in the LRE

The Lower Rhine Embayment shows clear differences in
the occurrence and properties of LPSs in relation to the
(meso-)relief. Loess sequences in plateau-like positions,
which are flat to undulating interfluve areas, tend to be
shorter, shallower and more affected by erosion than sections
in depressions, in paleochannels, on gentle inclined straight
slopes and on slope toes. The latter are often covered by re-
worked sediments of older paleosols redeposited as hetero-
geneous, finely laminated colluvium (Lehmkuhl et al., 2016;
Schirmer, 2016, and references therein). In order to demon-
strate the different effects of the relocation and soil forma-
tion processes on the LPS as a function of the geomorpho-
logical setting, we selected five sites: these are Garzweiler,
Rheindahlen, Sandgewand fault, Siersdorf and Elsbach Val-
ley. Previously published stratigraphic data are re-evaluated
and discussed in the context of the landscape dynamics of
the LRE.

The long LPS exposed in the opencast lignite mine of
Garzweiler (Fig. 3a) shows a typical Pleistocene stratigra-

phy of the LRE. Older deposits, dating back to the Middle
Pleistocene, are usually decalcified and relatively dense. The
younger, Late Pleistocene loess deposits show varying car-
bonate contents, mainly governed by weathering processes
and leaching. In addition, fluvial erosion is displayed by gul-
lies and small trough-shaped valleys. For a detailed analysis
of the architecture and stratigraphy of the Garzweiler LPS,
see Kels (2007).

The Rheindahlen LPS (Fig. 3b) is exposed in a former
brickyard near the city of Mönchengladbach (Fig. 1). This
sequence is a crucial archive for the LRE, as it additionally
hosts some of the oldest stratified Middle Paleolithic arti-
facts in the LRE (Bosinski, 1966). The stratigraphy is con-
densed due to erosional processes. The plateau-like setting
favored the preservation of Weichselian, Saalian and Elste-
rian loess sediments and interglacial and interstadial pale-
osols (Klostermann and Thissen, 1995).

Thin loess and periglacial cover beds were exposed at the
Sandgewand fault (Fig. 3c) close to Eschweiler in the course
of the construction of a pipeline. Here, the loess cover is
very thin (less than 1 m) or in many cases absent. Pleniglacial
silty sediments, including ice wedge pseudomorphs that cut
through them, are adjacent in the upslope plateau setting.
(Fig. 4a). Exposures along the slope of the Sandgewand fault
(Fig. 4b) show alternating layers of shallow periglacial cover
beds (debris layers) and weathered thin silty sediments in the
following sequence from the base to the toe of the slope. The
weathered debris of the Paleozoic basement of the exposure
is covered by pebbles and gravels, possibly corresponding to
the main terrace of the Early Pleistocene. There is a cover
layer of solifluction debris (30 to 40 cm thick) with a hook-
shaped form downslope from the Sandgewand fault. This
downfaulted material is covered by thin silty sediments (30
to 10 cm) and a second periglacial debris layer (40 to 20 cm).
Along the whole trench Holocene colluvial deposits and dis-
turbed surfaces form the top of the sequence.

The Siersdorf LPS (Fig. 3d) shows the situation of a pa-
leochannel incised into an old Pleistocene terrace (Knaak et
al., 2021; Pötter et al., 2023). This channel was filled up dur-
ing the Middle to early Upper Pleniglacial. After aeolian dust
was trapped in a wet environment characterized by swampy
conditions, loess and soil sediments were deposited by short-
range fluvial relocation. The Upper Pleniglacial shows a
rather typical sequence of marker horizons, such as the so-
called Eben Zone (Fig. 2). Larger ice wedge pseudomorphs
and frost crevasses extend from the Brabant loess into the up-
per part of the Hesbaye loess, indicating a cold and dry cli-
mate at the end of the last glacial cycle. The laminated Hes-
baye loess contains also smaller ice wedge pseudomorphs.

The sequence exposed in the Elsbach Valley (Fig. 3e) pro-
vides a complex stratigraphy resulting from the superim-
position of different Pleistocene and Holocene processes.
This exposure was opened up and later completely removed
by Garzweiler opencast mining. The trough-shaped valley
head showed a sequence with several fluvial channels filled
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Figure 1. Map with distribution of aeolian sediments in the Lower Rhine Embayment (modified after Lehmkuhl et al., 2016). The cross
section shows the surface geology and fault lines. The five selected sites are examples for different geomorphological settings. Map and
geological data based on the geological survey maps at 1 : 100 000 (Geological Survey of North Rhine-Westphalia, 2013) and the geological
survey maps at 1 : 200 000 (Federal Institute for Geosciences and Natural Resources, 2002).

with aeolian and fluvial sediments. The loess deposit is
dissected by numerous paleochannels that were filled with
relocated Saalian sediments. These sediments are covered
with small remnants of the Eemian soil on top. Based on
a stratigraphic evaluation, it was eroded during the Lower
Pleniglacial or Middle Pleniglacial. The completely missing
Middle Pleniglacial reflects the “normal case” of the LRE.
The Upper Pleniglacial is well preserved, and the Eben un-

conformity follows the paleochannel and eroded older sed-
iments again in the middle part of the section (Lehmkuhl
et al., 2016). During the Holocene the trough-shaped valley
head was completely filled with more than 7 m of colluvial
sediments, thereby reducing the relative relief and causing a
flattening of the landscape. The processes were triggered and
enhanced by climatic shifts but mainly by soil erosion and
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Figure 2. Simplified western European loess stratigraphy and com-
parison with the local stratigraphy of the LRE (Lehmkuhl et al.,
2016, modified). The Eben Zone contains the Kesselt Layer, Bel-
men and Elfgen soils (cf. Schirmer, 2016). The Loess stratigraphy
is named according to the pedostratigraphic notation of Antoine et
al. (2009, 2013). The Marine Isotopic Stages (MISs) are mentioned
as an additional large-scale climatic orientation (without exact tem-
poral correspondence for the LRE).

colluvation due to anthropogenic land use change and agri-
culture.

4 Pleistocene and Holocene processes in the Lower
Rhine Embayment

Different landscape settings and related sediment sequences
provide insights concerning the relation between typical geo-
morphological processes and the correlated sediment stratig-
raphy. The analysis of Pleistocene LPSs and Holocene collu-
vial and alluvial sediments enables the reconstruction of the
paleoenvironmental evolution from the Middle Pleistocene
onwards (Fig. 2).

4.1 Pleistocene settings, environments and processes

Loess landscapes are formed by a multitude of geomorpho-
logical and sedimentological processes. This so-called sedi-
mentary history of loess is influenced not only by processes
within the landscape itself, but also by processes in source
regions for detrital material (Pötter, 2021). The most impor-
tant sedimentological process in loess landscapes is dust ac-
cumulation (Pye, 1995, 1984), mostly on topographic bar-
riers (Antoine et al., 2016; Leger, 1990; Lehmkuhl et al.,
2016) or vegetation (Zech et al., 2012), so-called loessifica-
tion (Sprafke and Obreht, 2016). However, post-depositional
processes strongly shaped these landscapes during the Pleis-
tocene and Holocene. These processes include

– erosion and relocation due to fluvial processes (slope
wash during the Pleistocene and slope wash and gully
erosion in the Holocene)

– permafrost-related processes including ice wedge pseu-
domorphs

– solifluction and freezing–thawing processes including
periglacial wash denudation

– aeolian sedimentation and deflation in later times

– soil formation during interglacials and interstadials.

In the following, we will evaluate the effect of these pro-
cesses in the various geomorphological settings.

4.1.1 Geomorphological setting and Pleistocene
processes

Lehmkuhl et al. (2016) defined four main geomorphologi-
cal positions for LPSs in the LRE (Table 1): plateau-like ar-
eas, flat to undulating interfluve areas and flat-topped loess-
covered fluvial terrace remnants, which are here named
plateaus, slopes, slope toes, depressions and erosional chan-
nels. The most important factors affecting the characteristics
of loess deposits are slope wash and hillslope processes, the
slope aspect, dust accumulation and deflation, cryogenic pro-
cesses, and solution and other processes of soil formation.

The geomorphologic setting has strongly influenced the
processes in the Pleistocene. Table 1 summarizes the differ-
ent processes and intensities of processes associated with the
topographic settings. Loess, which is formed on a plateau-
like position, is rarely eroded by slope wash due to the low
gradients. However, deflation can play an important role in
these positions, resulting in shorter, shallower and more con-
densed sequences. Deflation in plateau situations and inter-
fluve areas often leads to erosional hiatuses. Additionally,
these sequences are often affected by frost and desiccation
cracks (see examples in Lehmkuhl, 2016). LPSs in slope po-
sitions are affected by intense erosion and relocation pro-
cesses (Table 1). Slope wash during the Pleistocene was most
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Figure 3. Selected key sites. Further explanations are given in the text; for locations see Fig. 1.

likely related to nivation, i.e., snow accumulation and thaw-
ing. During large parts of the Pleistocene periglacial condi-
tions in the LRE resulted in solifluction as a denudative slope
process. Bedrock areas favored the formation of periglacial
cover beds. Solifluction starts at slope gradients as low as
2◦ (see French, 2017, and references therein) and can give
rise to marked unconformities in the LPS. Especially the
LRE, as a humid loess landscape region (cf. Lehmkuhl et al.,
2016, 2021), was prone to intense relocation processes on
slopes such as solifluction. Therefore, depressions and slope
toes are mainly composed of relocated loess instead of pure
aeolian deposits. For example, the Eben unconformity and
the following Kesselt Layer provide evidence for slope ero-
sion and denudation resulting in a hiatus and for drier peri-
ods in ice wedge pseudomorphs (Fig. 5). Most studied loess
sequences are, however, situated either on slope toes or in
depressions and filled paleochannels. As dust on slope toes

is often accumulated on the leeward topographic barrier of
the valley (east-facing slope), the asymmetric valleys of the
periglacial loess belt favored the accumulation of loess (An-
toine et al., 2016; Lehmkuhl et al., 2021, 2016). The impor-
tance of topographical barriers and depressions in loess for-
mation was highlighted by several authors (Antoine et al.,
2016; Leger, 1990; Lehmkuhl et al., 2021, 2016; Mason et
al., 1999; Muhs, 2013). The slope aspect also reveals that
dust was mainly deposited on eastern (lee) sites. Very often
asymmetric (periglacial) valleys strengthened this process.
The formation of loess has been affected by soil processes
and colluviation in depressions and at slope toes.

4.1.2 Middle Pleistocene deposits and processes

Middle Pleistocene loess deposits are rarely found in the
LRE. Most (pedo-)sedimentary features of pre-Saalian age,
i.e., older than Marine Isotope Stage (MIS) 6, are only pre-
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Table 1. Processes in loess landscapes in relation to the relief. The impact of different processes according to the position of loess sections
from weak (−), medium (±), strong (+) to very strong (++). Modified according to Lehmkuhl et al. (2016).

D: Depressions and
A: Plateau B: Slope C: Slope toe erosional channels

1: Slope wash and hill slope processes – ++ + –
2: Deflation ++ – – –
3: Slope aspect (west–east/north–south) – ++ + –
4: Sedimentation ± – + ++

5: Cryogenic features
(a) Frost cracks + – – –
(b) Ablation and solifluction – ++ + –

6: Decalcification and solution ± + + ±

7: Intensity of soil development ± – + ++

Figure 4. Exposures in a trench close to the Sandgewand fault
near Eschweiler (Figs. 1 and 3c) during pipeline construction.
(a) Pleniglacial silty sediments including ice wedge pseudomorphs
in the upslope plateau setting. (b) Slope position near the fault.
A hook-shaped sequence of alternating layers of two shallow
periglacial cover beds (debris layers) interbedded and topped by
weathered thin silty sediments covers the weathered debris of the
Paleozoic basement. In both images, Holocene colluvial deposits
and disturbed surfaces form the top of the sequences (Photos: Frank
Lehmkuhl, 2020).

served in specific geomorphological situations. Type local-
ities for pre-Saalian loess in the LRE are, e.g., the Rhein-
dahlen and Erkelenz LPSs (Schirmer, 2002). In adjacent re-
gions in southern Limburg in the Netherlands and Belgium,
the Kesselt–Op de Schans and Hezerwater LPSs provide
chronostratigraphic sequences reaching back up to MIS 12
(Meijs, 2002; Meijs et al., 2013; van Baelen, 2017; Vanmon-
fort et al., 1998). Although in special situations Middle Pleis-
tocene deposits may account for up to 25 % of the sedimen-
tary budget (Kels and Schirmer, 2011), the relatively poor
preservation of Middle Pleistocene loess in the LRE is due to
several factors. Firstly, the paleogeography of the European
loess belt changed substantially throughout the Pleistocene.
During the Elsterian glaciation, vast proglacial lakes in north-
ern Central Europe reduced the size of important potential
deflation areas. These areas could not serve as dust sources

(Lehmkuhl et al., 2021). Secondly, the depositional milieu of
aeolian sediments in the European loess belt shifted south-
wards due to the greater extent of the Middle Pleistocene
continental ice sheets compared to the Late Pleistocene ones.
During the Saalian glaciation, e.g., the ice extent reached the
LRE, with margins near the city of Düsseldorf (Fig. 1, ex-
tent modified according to Ehlers et al., 2011). Aeolian cover
sands and sand dunes were formed in the vicinity of the ice
sheets, comparable to the Late Pleistocene European sand
belt, and loess deposits developed to the south (southwest)
(Kalińska-Nartiša et al., 2015; Lehmkuhl et al., 2016; Zee-
berg, 1998). Thirdly, the Middle Pleistocene loess deposits
of the LRE were strongly affected by erosion, reworking,
relocation and re-deposition during later stages. The vastest
extent of Pleistocene continental ice sheets occurred during
the penultimate glacial (MIS 6; Ehlers et al., 2011). Dur-
ing the glacial advances, older loess deposits were reworked
and eroded. In contrast, in the Late Pleistocene, the mar-
gin of the continental ice sheets was further north, and the
LRE was under the influence of permafrost (Andrieux et al.,
2016; Lehmkuhl et al., 2021; Vandenberghe et al., 2014),
which contributed to a reworking of the loess deposits (see
Sect. 4.1.3).

The Middle Pleistocene loess deposits of neighboring
southern Limburg show characteristic features related to the
paleogeography. According to van Baelen (2017) and Meijs
et al. (2013), Kesselt–Op de Schans exhibits a local chronos-
tratigraphic sequence which can be attributed to MIS 8 and
9. Due to the vicinity of the continental ice sheets, these de-
posits can be characterized as sandy loess. Loess deposits in
the LRE associated with the Saalian glacial period are rel-
atively homogenous when compared stratigraphically with
Late Glacial loess (see Sect. 4.1.3). The deposits mainly con-
sist of solifluidal and colluvial loess packages. The onset of
Saalian loess formation took place after an extensive land-
scape reorganization with almost complete erosion of older
loess deposits, associated with the so-called Wetterau discor-
dance (Schirmer, 2002). The Saalian sequences in the LRE
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Figure 5. The Eben Zone including the Kesselt Layer in the val-
ley head of the Elsbach creek. The ice wedge pseudomorphs dis-
turb the horizon of the underlying Eben unconformity. Photo: Frank
Lehmkuhl.

and adjacent regions generally show relatively high contents
of fine sand, indicating a nearby source area, such as the
glaciofluvial outwash plains of the Drenthe stadial ice sheets
(Lehmkuhl et al., 2017).

The oldest loess sequences related to the penultimate
Saalian glacial cycle in the LRE are found in the Garzweiler
lignite mine (e.g., Kels, 2007) and in Rheindahlen. Addi-
tionally, Middle Paleolithic archeological findings were re-
ported, for example, from the nearby region near Maastricht,
the Netherlands; in Hezerwater at Veldwezelt (Vanmonfort et
al., 1998); and in the brickyard quarry Kesselt–Op de Schans.
Inden-Altdorf in the LRE revealed the first open-site habita-
tion features with associated hearths and stone tools for the
Middle Paleolithic in Central Europe (Pawlik and Thissen,
2017). These sites are ideally located as they provide access
to fluvial gravel of the old Meuse River terraces, which con-
tain a large number of flint pebbles as a high-quality raw
material source of flint. For the Middle Paleolithic site of
Inden-Altdorf unfortunately the geomorphological setting,
sedimentation and the dating methods of the site are not de-
scribed in detail. Pawlik and Thissen (2017) stated that this
site dates to an earlier phase of MIS 5, between ca. 120–
100 ka and the time of early Neanderthals in Europe.

4.1.3 Late Pleistocene deposits and processes

The Late Pleistocene and especially the last glacial period are
imprinted in the LRE as a highly complex pedostratigraphic
succession (see Fig. 2; Antoine et al., 2016; Lehmkuhl et
al., 2021, 2016). This complex stratigraphy is, e.g., due to
large erosional gaps which were formed during climatic tran-
sitions. Therefore, complete Late Pleistocene loess archives
are rare (Lehmkuhl et al., 2016; Zens et al., 2018). After
the Eemian interglacial, Chernozem-like humic soils were
formed under steppe-like environmental conditions. This was
followed by a transition to colder and more continental con-
ditions, which are reflected in the respective loess stratigra-
phy (e.g., Haesaerts et al., 2016; Schirmer, 2016; Semmel,
1998). The first phases of the last glacial cycle are char-
acterized by redeposited finely laminated sediments, while
the loess packages contain several thin and weakly devel-

oped tundra gleys and humic soils (Zens et al., 2018). The
most recent loess layer in this subdomain contains two sed-
imentary facies: the niveo-aeolian (cold-humid) and the ho-
mogenous loess (cold-arid). They were termed Hesbaye and
Brabant loess in Belgium and the Lower Rhine Embayment
(e.g., Haesaerts et al., 2016; Schirmer, 2016) and can be also
observed in northern France (Antoine et al., 2016).

As mentioned above, the LRE was affected by a variety of
geomorphological processes (Table 1). These processes were
mainly governed by the prevalence of periglacial conditions
combined with the more oceanic climate of the LRE. Com-
pared to loess domains further east with a more continen-
tal climate, permafrost features such as ice wedge pseudo-
morphs prevail (Jary, 2009).

In the lowlands of the LRE, between the Rur and Rhine
rivers, there are large loess plateaus (flat to undulating inter-
fluve areas). The loess often covers Pleistocene river terraces,
as in the case of the Rheindahlen (Bosinski, 1966) or parts of
the Garzweiler LPS (Kels, 2007). Slope processes such as so-
lifluction are subordinate in plateau environments (Table 1).
However, LPSs in such settings can be affected by other
processes triggered or enhanced by periglacial conditions.
Frost crack formation or cryoturbation are important post-
depositional alteration processes in plateau environments, in-
fluencing pedofeatures formed in situ such as clay cutanes
(Martin Kehl, personal communication, December 2022).

Solifluction was one of the dominant processes in slope
positions (Table 1). This is evident in parts of the long section
of the Garzweiler LPS or the Elsbach Valley with a gradient
of more than 2◦. In addition, the location at the Sandgewand
fault exposure near Eschweiler provides evidence for strong
downslope movements of thin layers of loess derivates and
debris of periglacial cover beds, indicating wet and cold con-
ditions (Figs. 3, 4). At the slope position the sedimentary se-
quences were reworked twice by solifluction, probably dur-
ing the Pleniglacial and, again, during the Younger Dryas.

Depressions and (dry) valleys are specific settings which
act as sediment sinks for aeolian dust and reworked sedi-
ments. This is indicated in the Siersdorf LPS. In this LPS
the Middle to Upper Pleniglacial sequence developed in an
incised channel of a Middle Pleistocene river terrace (Pötter
et al., 2023). Depressions and paleochannels influence not
only sedimentary processes, but also (micro-)hydroclimatic
conditions. In Siersdorf, the channel setting favored the de-
velopment of wet, swampy conditions, with periodic semi-
terrestrial conditions during the late Middle Pleniglacial. Af-
ter this episode, however, the channel acted as a sink for
relocated soil sediments, which were deposited in the early
Upper Pleniglacial. Subsequently, aeolian accumulation re-
sumed producing a typical Upper Pleniglacial succession, in-
cluding the Eben Zone and unaltered, high-glacial loess (Pöt-
ter et al., 2023).
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Figure 6. Simplified sketch of the acceleration of soil erosion and the development of colluvium due to the onset of agriculture since the
Neolithic Revolution and Metal Ages. This soil erosion also enhanced floodplain sediments (alluvium). Archeological finds are relocated
and buried under colluvial sediments. Redrawn and modified according to Gerlach (2006).

4.2 Holocene morphodynamics and human
interferences

Since the Late Pleistocene (Bolling–Allerød oscillation),
rapid warming has resulted in a denser vegetation cover and
in soil development. This warm period was interrupted by the
cooling event of the Younger Dryas. Due to the dense vege-
tation cover since the beginning of the Holocene, the rates
of geomorphologic processes on the land surface in Central
Europe were reduced and the morphodynamic activity was
weaker as compared to the Pleistocene. Natural Holocene
processes are characterized by soil development and in gen-
erally moderate fluvial erosion and accumulation, especially
in the floodplains.

Human societies have interfered with the landscapes and
soils by different agricultural practices and land use changes,
especially since the onset of agriculture in the Neolithic pe-
riod. The effects of land use on highly erodible loess were
often associated with severe soil erosion including the devel-
opment of gullies and colluvial accumulations. At the same
time soil erosion resulted in an increased sediment supply to
the rivers, thereby enhancing the accumulation of floodplain
and alluvial deposits (Fig. 6). These deposits often serve as
indications for climate or land use change. As a consequence
of the increasing agricultural land use since the Neolithic
Revolution, soil erosion was associated with the development
of colluvial deposits at foot slopes. In particular colluviation
was enhanced during the Metal Ages and the Middle Ages.
An additional consequence was that archeological remains
and finds were destroyed, relocated and buried under collu-
vial sediments.

In the Lower Rhine Embayment, as in other parts of Cen-
tral Europe, there are several main periods of colluvial depo-
sition or colluviation. Increased colluviation occurred during
the Metal Ages, Roman times, medieval times and modern

times (see Table 2). Four main periods associated with allu-
vial and floodplain deposition can be distinguished (see Table
2). The depositional periods of colluvial sedimentation can
be distinguished using an interdisciplinary approach includ-
ing granulometric, geochemical and archeological methods
(Protze, 2014).

Especially during the Metal Ages and High Middle Ages
erosion is clearly detectable. In the woodlands the produc-
tion of charcoal and firewood, as well as grazing activities,
led to a strong deforestation. In addition, the development of
mining and related industries in the 15th to 16th centuries,
as well as the increase in these activities in the 19th cen-
tury, resulted in a high contamination of floodplain deposits.
Different periods of minor soil erosion can be distinguished
since medieval times. Socioeconomic effects and the increase
in grassland resulted in a reduction in soil erosion (Nilson,
2006; Schmidt-Wygasch, 2011).

The floodplain or overbank sediments, consisting mainly
of silty material, were deposited on the valley floors near
rivers and alluvial systems. Below these silty deposits,
coarser Pleistocene deposits are composed mainly of grav-
els interspersed with sandy layers and sandy lenses. As silty
accumulations are less resistant to erosion they are often re-
moved during floods. Deposits in abandoned channels, gul-
lies or depressions are usually better preserved than plain ac-
cumulations. Particularly overbank deposits are often associ-
ated with human activity and can preserve important paleo-
geographical information (Kalicki, 2000).

Schmidt-Wygasch (2011) demonstrated for the lower
reaches of the Inde River in the LRE that the first overbank
deposits above the Pleistocene gravel layer of the lower ter-
race were accumulated in the Late Glacial and the Prebo-
real periods (A and B in Table 2). These loamy deposits
resulted from land cover change at the transition from the
Pleistocene to Holocene, which was associated with a change
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from braided river systems to meandering rivers incising into
more cohesive material. There apparent lack of floodplain
sedimentation in the early Holocene and Neolithic Age (At-
lantic period) was associated with widespread soil develop-
ment. The lack of floodplain sedimentation and soil forma-
tion is an indication of low soil erosion and therefore low
sedimentation.

The first period characterized by enhanced soil erosion
started in the Bronze Age (Subboreal) with the onset of
more intensive land use. The clearance and agriculture sup-
ported the sediment transport to the rivers and floodplains
and the accumulation of overbank deposits. Beginning with
this time Schmidt-Wygasch (2011) distinguished four peri-
ods of widespread accumulations of overbank or floodplain
deposits (I–IV in Table 1): (I) the beginning of agriculture
since Neolithic times and enhanced land use during the Metal
Ages, (II) the enhanced impact of agriculture and soil ero-
sion in Bronze Age times, (III) the period of maximum soil
erosion in the medieval times including the first acceleration
in the beginning of the 19th century, and (IV) modern times
since the middle of the 19th century including the Great Ac-
celeration after World War II with modern agriculture and
channelized rivers and creeks. All periods of enhanced soil
erosion are human induced and resulted from land cover
change by agriculture (anthropogenic origin). The maximum
accumulation of floodplain deposits occurred in periods II
and III. Figure 7 shows the accumulation of floodplain sed-
iments in the lower reaches of the Inde River above a layer
with Roman roof tiles (tegula) above abandoned river chan-
nels. This indicates more than 2 m of floodplain aggradation
during the last 2000 years of such a small river in loess land-
scapes. Since the end of the 19th century the rivers were
straightened and river banks were increasingly protected by
embankments (Wolf et al., 2021). These changes were as-
sociated with a more concentrated and enhanced discharge,
which in turn, resulted in reduced accumulation rates on the
floodplains. Concerning the human interferences in river sys-
tems since the end of the 19th century, Wolf et al. (2021)
were able to distinguish several periods of land use change
and river (water) management.

5 Implications for archeological research in loess
landscapes

Loess is one of the main terrestrial archives of Pleistocene
landscapes and environments and therefore has an impor-
tant connection to the preservation and interpretation of Pa-
leolithic sites (Chu and Nett, 2021). These authors summa-
rized the current trends and future directions in Pleistocene
geoarcheology of European loess. They stated that loess
records are unique insofar as they can address broad-scale
spatiotemporal changes, but they can also provide windows
into brief moments in time.

Figure 7. Exposure in the fore field of the lignite mining in the
floodplain deposits of the (old) Inde River. Roman archeological
layer with roof tiles (tegula) was buried by more than 2 m of over-
bank deposits. Beyond the people two small river channels are visi-
ble. Within the first small step wooden posts as fortification against
lateral erosion were found. In the background the loess-covered
middle terrace with a Roman villa rustica on top is situated. Photo:
Frank Lehmkuhl (2008).

The low-energy deposition of Late Pleistocene loess-
forming dust is known to finely preserve archeological sites
with minimal spatial redistribution that can often be refit-
ted to an impressive degree (Roebroeks et al., 1997; Vallin
et al., 2001) and are even occasionally suitable for use-wear
and residue analyses (Pawlik and Thissen, 2017; Sano, 2012;
Wilczyński et al., 2020). Loess records are also excellent
repositories of faunal prey, fire features, pits, habitation struc-
tures and early hominid burials that provide singular insights
into local hominid behavioral patterns (see Chu and Nett,
2021, and references therein). The thickness and temporal
resolution of the loess cover vary depending on the relief po-
sition. In the LRE this is related to the distribution of different
tectonic blocks, the Pleistocene terraces and the distribution
of bedrock. The sequences are often incomplete in their tem-
poral resolution due to erosional discordances.

Fault scarps and terrace edges have been smoothed by ge-
omorphic processes, such as solifluction and slope wash. As
shown by Lehmkuhl et al. (2015) the depth of the Eemian
Rocourt soil complex varies between 1 and 5 m below the
surface.

Toward the north and west the aeolian deposits coarsen
to sandy loess and sand. The coarsening is a function of the
northern loess margin and the distribution of Neogene and
Paleogene sands and the proximity of the formerly braided
Meuse River system in the west which acted as additional
local sand sources. During the maximum extent of the ice
sheets in the penultimate glacial cycle (see the extent of the
Saalian ice in Fig. 1), the ice margin extended much further
south and consequently the loess facies is much coarser. All
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Table 2. Time of accumulation of the overbank deposits. Adapted and modified from Schmidt-Wygasch (2011).

Period Time of accumulation

Period A Late Glacial, Preboreal (till 7000 BCE) Natural alluvial deposits in former

Period B Mesolithic Age (7000 till 6000 BCE) braided rivers (mainly in channels)

Period I Bronze Age (1500/1600 till 800 BCE): oldest overbank deposits

Period II Late Bronze Age and Iron Age till medieval times (750 BCE till 1200/1300 CE):
old overbank deposits Alluvial deposits resulting from soil

Period III High Middle Ages till modern times (1300/1400 CE till the 19th century): erosion due to agricultural periods
young overbank deposits

Period IV Modern times (since mid of the 19th century): youngest overbank
deposits, industrialization straightened the rivers

of the older deposits may have been subjected to reworking
and repositioning during later periods. Middle Pleistocene
loess can be found in the LRE just in a few places, especially
in depressions and on higher terraces.

The complex response of the geomorphic process system
continued through the Holocene and was amplified by hu-
man interferences, resulting in soil erosion and in the deposi-
tion of colluvial and alluvial sequences. These processes de-
stroyed upslope archeological remains but preserved several
sequences with valuable information on human occupation
and land use change at the slope toe and in depressions.

The study of the Pleistocene and Holocene geomorpho-
logic dynamics in the different relief settings provides for
geoscientists and archeologists an analytical tool for recon-
structing the settlement, the environment and the landscape
evolution. The analysis of the different intensities of ero-
sion, relocation, redeposition and transformation processes
with respect to the different temporal and spatial scales re-
mains a challenging task in loess research. In addition, loess
deposits have undergone post-depositional alterations such
as weathering, bioturbation and pedogenesis that obscure
anthropogenic evidence. Understanding the relationship be-
tween relief position and geomorphic processes enables a
more comprehensive analysis of the complex stratigraphy of
the LPSs and of sedimentary environments which are related
to the (paleo-)relief. Understanding these relationships will
allow the consideration of environmental differences in re-
lation to relief position in archeological studies. Therefore,
loess research requires interdisciplinary research, especially
between archeologists and geomorphologists.

6 Conclusions

Loess is a valuable archive for archeological findings and
provides evidence of the paleoenvironmental setting of hu-
man settlements. In addition, the timing of human occupation
and the paleoclimate evolution can be disentangled through
the analysis of LPSs. Marker layers and different dating tech-

niques help to constrain the timing. Landscapes in the north-
ern European loess belt and especially in humid periglacial
environments not only have been shaped by the formation of
widespread loess deposits during the Middle and Late Pleis-
tocene but have also been subjected to reworking processes
by periglacial and fluvial processes. In addition, active tec-
tonics since the Pleistocene have influenced the thickness and
preservation of loess in the LRE. During periods of less in-
tensive land use in the early Holocene, soils developed on
more or less stable land surfaces. As loess landscapes provide
very fertile soils, they are among the first regions to undergo
Neolithic agriculture. However, with the onset of agriculture
and changes in land use, soil erosion caused enormous sed-
iment relocations and relief changes. Colluvial and alluvial
sediments resulting from soil erosion provide an additional
archive of landscape evolution. They contain archeological
findings from the Neolithic period onwards. All these differ-
ent geomorphological processes have contributed to smooth-
ing of the more pronounced paleo-relief of the LRE. The
flat landscape we find today is the result of the natural and
human-enhanced geomorphic processes that must be consid-
ered in loess and archeological research.
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