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Abstract: Loess–palaeosol sequences (LPSs) remain poorly investigated in the southern part of the Upper Rhine
Graben but represent an important element to understand the environmental context controlling sed-
iment dynamics in the area. A multi-method approach applied to the LPS at Köndringen reveals that
its formation occurred during several glacial–interglacial cycles. Field observations, as well as colour,
grain size, magnetic susceptibility, organic carbon, and carbonate content measured in three profiles
at 5 cm resolution, provide detailed stratigraphical information. Only minor parts of the LPS are made
up of loess sediment, whereas the major parts are polygenetic palaeosols and pedosediments of vary-
ing development that are partly intersected, testifying to a complex local geomorphic evolution. The
geochronological framework is based on 10 cm resolution infrared-stimulated luminescence (IRSL)
screening combined with 18 multi-elevated-temperature post-IR IRSL ages. The luminescence ages
indicate that two polygenetic, truncated Luvisols formed during marine isotope stages (MISs) 9(–7?)
and MIS 5e, whereas unaltered loess units correspond to the last glacial (MISs 5d–2) and MIS 8. The
channel-like structure containing the two truncated Luvisols cuts into > 2 m thick pedosediments
apparently deposited during MIS 12. At the bottom of the LPS, a horizon with massive carbonate
concretions (loess dolls) occurs, which may correspond to at least one older interglacial.

Kurzfassung: Löss-Paläoboden-Sequenzen (LPS) sind im südlichen Teil des Oberrheingrabens bisher nur unzure-
ichend untersucht, obwohl sie ein wichtiges Element für das Verständnis der Umweltbedingungen
darstellen, welche die Sedimentdynamik in diesem Gebiet gesteuert haben. Die Anwendung eines
Multi-Methoden-Ansatzes auf die LPS in Köndringen enthüllt, dass diese während mehrerer glazial-
interglazialer Zyklen entstanden ist. Die Feldansprache dreier Profile und Laboranalysen in 5 cm
Auflösung (Farbe, Korngröße, magnetische Suszeptibilität, organischer Kohlenstoff- und Karbonat-
gehalt), geben detaillierte Informationen über deren stratigraphischen Aufbau. Nur geringe Teile des
LPS bestehen aus Löß, der teilweise durch Hangabschwemmungen geschichtet ist, während der größte
Teil aus polygenetischen Paläoböden und Pedosedimenten unterschiedlicher Ausprägung besteht, die
sich teilweise überschneiden und von einer komplexen lokalen geomorphologischen Entwicklung zeu-
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2 L. Schwahn et al.: Middle Pleistocene loess–palaeosol sequence of Köndringen, SW Germany

gen. Der geochronologische Rahmen basiert auf Screening mittels Infrarot-Stimulierter Lumineszenz
(IRSL) mit einer Auflösung von 10 cm in Kombination mit 18 Altern, die mit dem Multi-Elevated-
Temperature post-IR IRSL Verfahren bestimmt wurden. Die Lumineszenzalter deuten darauf hin, dass
die beiden polygenetischen, gekappten Luvisole während der marinen Isotopenstadien (MIS) 9(–7?)
und MIS 5e entstanden sind, während die Lösseinheiten dem letzten Glazial (MIS 5d-2) und MIS 8
entsprechen. Die rinnenartige Struktur, welche die beiden gekappten Luvisole enthält, schneidet in
> 2 m mächtige Pedosedimente ein, die offenbar während MIS 12 abgelagert wurden. An der Basis
des LPS findet sich ein Horizont mit großen Karbonatkonkretionen (Lößkindl), die mindestens einem
älteren Interglazial entsprechen könnten.

1 Introduction

While the Late Pleistocene climate and environmental his-
tory of Central Europe is reasonably well understood (e.g.
Preusser, 2004; Heiri et al., 2014; Stephan, 2014; Lehmkuhl
et al., 2016; Stojakowits et al., 2021), the timing and extent
of Middle Pleistocene glaciations, as well as the number of
and the environmental conditions during interglacial and in-
terstadial phases, are controversially discussed (e.g. Klein-
mann et al., 2011; Stebich et al., 2020; Tucci et al., 2021).
This is mainly related to difficulties in establishing inde-
pendent and robust chronological frameworks and applies in
particular to the northern Alpine foreland (van Husen and
Reitner, 2011; Preusser et al., 2011). In fact, Middle Pleis-
tocene pollen records close to the Alps and in the Upper
Rhine Graben (URG), a major sink of Alpine debris during
the Quaternary, are rare and largely fragmentary (Preusser et
al., 2005; Knipping, 2008; Gabriel et al., 2013).

Loess–palaeosol sequences (LPSs) are frequently found
in the area between the realms of the Alpine and Scandi-
navian glaciations, yet most work during the past decades
has focussed on the Late Pleistocene (e.g. Meszner et al.,
2013; Lehmkuhl et al., 2016; Moine et al., 2017; Zens et
al., 2018; Fischer et al., 2021; Rahimzadeh et al., 2021;
Zöller et al., 2022; Schulze et al., 2022) with few sites cov-
ering the Middle Pleistocene (e.g. Terhorst, 2013; Sprafke,
2016). Some Middle Pleistocene sites have been dated using
thermoluminescence (TL; e.g. Zöller et al., 1988; Frechen,
1992); however, this technique does not correspond to the
present state of knowledge, and the reliability of the pub-
lished ages remains uncertain. Relative chronostratigraphy
(pedostratigraphy) is based on a priori assumptions and may
give biased results. An example is the LPS Wels-Aschet,
where Terhorst (2007) suggests a correlation of five fossil
palaeosols with marine isotope stages (MISs) 5, 7, 9, 11,
and 13–15 (cf. Lisiecki and Raymo, 2005), with the under-
lying assumption that Luvisols represent interglacial forest
ecosystems that have occurred every ca. 100 000 years in
Central Europe (Bibus, 2002). While this chronological as-
signment was apparently supported by palaeomagnetic ex-
cursions observed in this LPS (Scholger and Terhorst, 2013),
Preusser and Fiebig (2009) discuss a correlation of three of

the fossil Luvisols with the three pronounced warm peaks of
MIS 7, seemingly supported by infrared-stimulated lumines-
cence (IRSL) dating. This would result in a different corre-
lation with the MIS record as suggested by Terhorst (2007).
However, it is unclear if the IRSL ages could be underesti-
mated due to signal instability and saturation effects.

Buylaert et al. (2009) have introduced an approach that al-
lows the dating range of luminescence to be extended, eras-
ing the unstable IRSL component during a first measure-
ment, followed by collecting a more stable signal during
subsequent stimulation at an elevated temperature (see re-
view by Zhang and Li, 2020). This post-IR IRSL (pIR) ap-
proach was first applied to the LPS from Austria by Thiel et
al. (2011a, b, c) and enabled the dating range to be extended
back to about 300 ka. Other studies report reliable ages of up
to 700 ka (Zander and Hilgers, 2013; Faershtein et al., 2019).
A modified version of the pIR approach was suggested by
Li and Li (2011) in which IRSL is subsequently stimulated
at increasingly higher temperatures with 50 ◦C increments.
The multi-elevated-temperature (MET) pIR (MET-pIR) ap-
proach allows signals with increasing stability at higher tem-
peratures to be analysed but at the cost of bleachability of
the signal (Kars et al., 2014). Furthermore, higher stimula-
tion temperatures may also induce changes in sensitivity of
the signal that may result in incorrect estimates (e.g. Zhang,
2018).

This article is a contribution towards a broader initiative
that aims at improving the understanding of the factors con-
trolling deposition in the URG geosystem during the Quater-
nary. Besides the effects of local tectonics, changes in climate
had a major impact on deposition (Weidenfeller and Knip-
ping, 2009; Gabriel et al., 2013; Preusser et al., 2021), in
particular linked to the reoccurring glaciations of the Swiss
Alps (Preusser et al., 2011), the Black Forest (Hofmann et
al., 2020), and the Vosges (Mercier and Jeser, 2004). LPSs
reflect changes in past environmental conditions by shifts
between loess deposition, soil formation, and phases of ero-
sion and reworking (Sprafke et al., 2014). In the URG, the
accumulation of loess is assigned to cold periods (Hädrich,
1975), when the Rhine and its tributaries were braided rivers,
with high debris supply due to increased frost weathering and
glacial erosion and high transport potential due to meltwater

E&G Quaternary Sci. J., 72, 1–21, 2023 https://doi.org/10.5194/egqsj-72-1-2023
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discharge. During periods of a warm and humid climate (as
today), the Rhine had an anastomosing to meandering char-
acter with limited debris transport and practically absent ae-
olian sediment activity due to widespread vegetation cover
(e.g. Andres et al., 2001; Houben, 2003; Erkens et al., 2009;
Kock et al., 2009). These two environmental modes can be
termed glacial and temperate conditions (the latter including
both interglacials and interstadials). Less well understood are
the environmental conditions responsible for the phases of
erosion and reworking that are observed in many Central Eu-
ropean LPSs (Lehmkuhl et al., 2016; Sprafke, 2016; Zöller
et al., 2022). Presumably these are related to the presence of
flowing water (e.g. sheet wash), but deflation may also play
an important role. In both cases, vegetation cover must be
very limited.

Despite the prominent loess cover, LPSs from the south-
ern part of the URG (Fig. 1) have seen very limited atten-
tion so far, with the most recent systematic studies reach-
ing back to the 1980s (Bronger, 1969, 1970; Guenther,
1961, 1987; Hädrich, 1980; Hädrich and Lamparski, 1984;
Zöller et al., 1988). Parallel to the present study, Schulze et
al. (2022) investigated the Late Pleistocene site of Bahlingen-
Schönenberg using a similar approach as applied here. The
site investigated here is situated in the village of Köndringen
at the foothills of the Black Forest (Fig. 1) and comprises
a complicated succession of discontinuous units, including
partly layered loess sediments (sensu Sprafke and Obreht,
2016), palaeosols, and pedosediments, as well as horizons of
large carbonate concretions. These features indicate that sev-
eral glacial–interglacial cycles are recorded in this outcrop
but with a major contribution of slope processes leading to
erosion and reworking. As a first step to unravel the complex
Middle to Late Pleistocene history of the LPS at Köndrin-
gen, we focus on refining tools to derive robust stratigraphies
and reliable chronologies in a easily accessible part of the
outcrop.

Our multi-method approach combines a qualitative field
description of the outcrop with high-resolution (5 cm) sedi-
ment and soil analyses (grain size, colour, magnetic suscep-
tibility, organic matter, and carbonate content). A particular
focus is on establishing a chronological framework by ap-
plying the MET-pIR dating approach. In addition, the po-
tential of high-resolution (10 cm) IRSL screening is tested
(e.g. Roberts et al., 2009; May et al., 2018), as this simplified
procedure with regard to preparation and measurement may
provide quick and low-cost semi-quantitative age informa-
tion. Based on a discussion of the pedosedimentary evolution
within the chronological framework, comparisons are drawn
to Central European loess records of the Middle Pleistocene,
and persistent gaps of knowledge and possible solutions are
identified.

2 Study area

Loess deposits in the southern part of the URG are
mainly found in hilly landscapes, mostly superimposing pre-
Pleistocene layers with varying thickness (Keßler and Laiber,
1991). The LPS of Köndringen (48.13915◦ N, 7.813025◦ E;
220 m above sea level, a.s.l.) is located in the Black Forest
foothills (Emmendinger Vorbergzone), which represent fault
blocks along the eastern fault system of the URG (Fig. 1).
The investigated site is situated next to a small triangular hill
(Ottenberg), almost 1 km north-east of the river Elz and about
16 km E of the river Rhine. To the west of the main fault, sev-
eral minor faults divide the foothills into two parts, the east-
ern “loess hill zone” mainly underlain by limestone and the
western part where sandstone also is present; both regions
are covered by loess sediment of varying thickness with up
to 10–15 m (Hädrich, 1965; Hädrich and Stahr, 2001). Ac-
cording to heavy mineral analyses the source of the loess
must have been the floodplain of the Upper Rhine (Keßler
and Laiber, 1991), with the thickest accumulation of loess
occurring on the adjacent foothills of the Black Forest and
on the nearby Kaiserstuhl (hills of volcanic origin in the cen-
tre of the URG).

A comprehensive review of LPS in the study region was
provided by Guenther (1987), including a schematic sketch
showing the stratigraphic subdivision of key sites that all in-
clude several interstadial and interglacial palaeosols. Accord-
ing to this study, the most complex LPSs of the region are lo-
cated in the wider surroundings of Köndringen and comprise
up to seven loess units and six well-developed palaeosols.
Unfortunately, the majority of outcrops are not easily acces-
sible anymore. The only study including geochronological
methods in the region until recently (Zöller et al., 1988) ap-
plied TL dating to eight samples taken from the LPS Riegel
(Fig. 1b). While TL dating was at an early stage of devel-
opment at that time, ages of 153 ± 14 and 183 ± 17 ka for
loess from below what was interpreted as the Last Inter-
glacial soil (MIS 5e; 115–130 ka; Lisiecki and Raymo, 2005)
agree with the expected time frame. Middle Pleistocene ages
of the four older palaeosols at Riegel are confirmed by TL
ages of 259 ± 26, 254 ± 24, 273 ± 23, and> 390 ka for lower
parts of the sequence. These findings indicate that regional
LPSs cover more than four glacial–interglacial cycles, moti-
vating an approach with state-of-the-art methods to the easily
accessible but as yet unstudied LPS Köndringen.

3 Materials and methods

3.1 Profile description and sampling

The three investigated profiles are located at the north-eastern
end of a 400 m long outcrop along Landecker Weg in Kön-
dringen, where a complex succession of partly layered loess
sediments of varying thickness intercalated by partly dis-
continuous pedocomplexes and loess doll horizons are ex-
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4 L. Schwahn et al.: Middle Pleistocene loess–palaeosol sequence of Köndringen, SW Germany

Figure 1. (a) Position of the study area in the Central European loess belt with the location of the mainly Middle Pleistocene LPS men-
tioned in the text: Grâce Autoroute (Antoine et al., 2021), Harmignies (Haesaerts et al., 2019), Ariendorf (Haesaerts et al., 2019), Kärlich
(Boenigk and Frechen, 1998), Koblenz-Metternich (Boenigk and Frechen, 2001), Bad Soden (Semmel and Fromm, 1976), Kirchheim (Rös-
ner, 1990), Achenheim (Junkmanns, 1995), Hagelstadt (Strunk, 1990), Wels-Aschet (Terhorst, 2007; Preusser and Fiebig, 2009; Scholger
and Terhorst, 2013), Krems shooting range (Sprafke, 2016), Červený kopec (Kukla, 1977), and Paks (Thiel et al., 2014). (b) The inves-
tigated profile is situated in the foothills of the Black Forest in the village of Köndringen (yellow star). The digital elevation model data
were provided by EEA (2016) and processed with QGIS 3.26. Distribution of aeolian sediments after Lehmkuhl et al. (2021), ice extent
after Ehlers et al. (2011), river system from http://naturalearthdata.com (last access: 24 October 2022), and country boundary lines from
http://landkartenindex.de (last access: 24 October 2022).

posed. The term loess sediments includes both loess and
loess-like sediments (Sprafke and Obreht, 2016). Large parts
of the outcrop are covered by a patina, vegetation, or de-
bris, and the site remains protected from spring to autumn
due to bird colonies nesting in the cliffs. To capture the
main elements of stratigraphy in the most accessible part of
the outcrop and to keep disturbance to the minimum, three
profiles (KÖN-A, KÖN-B, KÖN-C; Fig. 2) of about 70 cm
width were prepared by removing ca. 20 cm of surficial ma-
terial with spades and scratchers. Colour, structural differ-
ences, and specific features were documented qualitatively
for a general profile description as the basis for the interpre-
tation of the multi-method dataset. From each profile, sam-
ples for determining organic matter and carbonate content,
magnetic susceptibility, grain size analysis, and colour mea-
surements were taken at 5 cm resolution as a continuous col-
umn (Antoine et al., 2009). Pedological horizon designations
based on the qualitative field description and laboratory data
(mainly colour data) follow FAO (2006) in the way suggested
by Sprafke (2016). Samples for IRSL screening were taken
every 10 cm using opaque plastic tubes with a length of 5 cm

and a diameter of ∼ 3 cm, hammered into the freshly cleaned
exposure. For luminescence dating, 18 samples were col-
lected in metal tubes with a length of 10–15 cm, hammered
into the cleaned profile.

3.2 Colour measurements

Colour measurements were done with a ColorLite sph850
spectrophotometer at the University of Bern that, which al-
lows wavelengths from 400–700 nm to be measured with a
spectral resolution of 3.5 nm (Sprafke, 2016). Samples were
air-dried and sieved to fine earth (< 2 mm) and measured in a
circular field with a diameter of 3.5 mm. The observer angle
was 10◦, and the light source (six LEDs) corresponds to D65
light. The measuring head was pushed into the loose sample
material until it was completely sealed from daylight. Mea-
surements were done at three different sample positions and
the results averaged. After stirring the sample, this procedure
was repeated, leading to duplicate results. The spectropho-
tometer was calibrated using a white standard disc after every
10th measurement. The acquired data (various colour vari-
ables, remission spectra) were analysed using Microsoft Ex-
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Figure 2. (a) Outcrop photo with the two pedosedimentary units (PSUs) merging into one towards the left hand side and location of three
studied profiles KÖN-A (overgrown at moment of photography), KÖN-B, and KÖN-C, with the positions of luminescence samples and their
numbers (in red). Rectangles mark the position of the sampling columns. The insets show (from left to right, marked with white arrows) clay
coatings in a large crack of weakly developed subsoil of profile KÖN-C (at 70 cm), lenticular structure with silt–loam separation as a result
of frost action in the lower part of KÖN-B (at 30 cm), and massive carbonate concretions exposed in profile KÖN-A (at 125 cm). (b) The
stratigraphic units I–XI shown in the outcrop sketch consider chronostratigraphic relations (MIS after Lisiecki and Raymo, 2005) based on
luminescence ages (in black, with uncertainties). Detailed profile sketches are given in Fig. 4.

cel© with the software ColorDaTra 1.0.181.5912. Mean val-
ues for each sample were calculated and visualised as real
colours based on RGB variables, including two-step RGB
tuning, useful to determine subtle colour variations in weakly
differentiated LPSs (Sprafke et al., 2020). The L∗-value of
the CIELAB colour space represents variations in lightness,
whereas a∗ corresponds to the intensity of red versus green
(> 0 or < 0, respectively) and b∗ to the intensity of yellow

versus blue (> 0 or < 0, respectively) (Viscarra Rossel et al.,
2006).

3.3 Sediment and soil analyses

Grain sizes distributions were measured using a Malvern
Mastersizer 3000 laser diffraction spectrometry device
(Malvern Panalytical). Samples were dried at 105 ◦C for at
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least 12 h and sieved through a 1 mm sieve (upper effec-
tive limit of the device), and 1–2 g was dispersed for 12 h
in 50 mL sodium hexametaphosphate (33 g Na6 P6O18 and
7 g Na2CO3 dissolved in 1 L of distilled water). A simi-
lar protocol as used by Abdulkarim et al. (2021) was ap-
plied with a particle refractive index of 1.53, a dispersant
refractive index of 1.33, an absorption index of 0.01, a stir-
rer speed of 1660 rpm, and with the ultrasonication off. For
every sample five measurements were carried out, and av-
erage values were calculated using MATLAB R2021a. The
grain size index (GSI: [%20–63 µm] / [%< 20 µm]) was cal-
culated according to Antoine et al. (2009). Clay contents de-
termined by laser diffraction spectrometry for samples from
KÖN oscillate around 2 %, which is in disagreement to field-
testing trained against classical sedimentation-based meth-
ods. Therefore, we assume that the joint clay to fine silt
fraction (< 6.3 µm) roughly corresponds to the clay fraction
as determined by the classical sieve–pipette analysis. This
is in accordance with a large number of studies that con-
firm a marked difference between the laser diffraction spec-
trometry device and traditional sedimentation-based methods
and suggest the use of alternative boundaries between 4 and
8 µm (mainly depending on soil mineralogy) to translate into
“pipette clay” (clayp; e.g. Konert and Vandenberghe, 1997;
Antoine et al., 2009).

For the determination of organic matter (Corg) and carbon-
ate contents, samples were dried at 105 ◦C for > 12 h and
then pestled with a mortar and sieved to < 2 mm, and about
1 g was used for analyses. In the first cycle, samples were
placed in a Nabertherm muffle at 550 ◦C for 5 h for the de-
termination of organic carbon content (Heiri et al., 2001).
Loss on ignition (LOI) was calculated by dividing the dry
weight by the weight after the 550 ◦C burning cycle. How-
ever, this value represents double the real organic carbon con-
tent (Meyers and Lallier-Verges, 1999), and consequently all
values reported have been corrected for this. As Corg con-
tents of loess are usually not higher than 0.5 % (Fischer et
al., 2021), we must assume that lost interlayer water of clay
minerals significantly contributes to the LOI-determined sig-
nal. Carbonate contents were subsequently determined using
the same material after heating for 3 h at 950 ◦C (Heiri et al.,
2001).

For magnetic susceptibility (weight normalised; χ ) mea-
surements, carried out at the Leibniz Institute for Applied
Geophysics in Grubenhagen, samples were homogenised
and placed in non-magnetic plastic boxes of 6.4 cm3 so
that the material was fixed and could not move. The χ

was measured in alternating fields of 505 and 5050 Hz with
400 A m−1 using a MAGNON VFSM, providing both low-
field χ and frequency dependency of the χ . The χ is here
given as weight-normalised, taking weights of samples and
boxes into account. Temperature-dependent χ was mea-
sured following Zeeden et al. (2021) in an argon atmosphere
for nine depth intervals (samples: KÖN-A_20–25, KÖN-
A_75–80, KÖN-A_140–145, KÖN-B_85–90, KÖN-B_350–

355, KÖN-C_75–80, KÖN-C_135–140, KÖN-C_225–230,
KÖN-C_280–285) using an AGICO CS3 high-temperature
furnace.

3.4 Luminescence screening

In the red-light laboratory, the outer ca. 1 cm of the sample
material from the light-contaminated ends of the sampling
tubes was discarded. Samples were then dried at 50 ◦C for
at least 24 h and gently pestled in a mortar. Part of the ma-
terial gained this way was fixed on small steel sample discs
that were previously coated with a thin layer of silicon oil
(6 mm stamp) so that the sample material would stick to the
surface during measurement. For each sample, three subsam-
ples were generated and measured on a Lexsyg Smart device
(Freiberg Instruments; Richter et al., 2015) with the detec-
tion window centred at 410 nm. The measurement protocol
comprised the IRSL stimulation of the natural signal (Ln)
and that induced by laboratory irradiation (Tn, ca. 22 Gy),
both after heating to 250 ◦C (preheat) and using a stimula-
tion at 50 ◦C (Table S1 in the Supplement). The ratio Ln /Tn
was calculated based on the IRSL emission recorded during
the first 20 s of stimulation after subtracting the last 20 s as
background.

3.5 Luminescence dating

The sediment from the outer ends of the aluminium tubes
was scraped off and used for determining the activity of dose-
rate-relevant elements. The remaining material was dried and
subsequently treated with hydrochloric acid (20 %) and hy-
drogen peroxide (30 %) to remove carbonates and organic
matter, respectively, each time, followed by rinsing with
deionised water. Due to the low sand content of the sedi-
ment, the polymineral fine-grain fraction 4–11 µm was sep-
arated for equivalent dose (De) determination using Atter-
berg cylinders and centrifuging. The isolated fine-grain ma-
terial was placed on stainless steel discs by pipetting from
a sediment solution in acetone. For measuring the dose rate,
samples were dried, homogenised, and subsequently trans-
ferred into flat plastic containers (7.5 × 3 cm). After storage
for at least 30 d to allow for the establishment of radioactive
equilibrium, the activity of uranium, thorium, and potassium
were measured using high-resolution gamma ray spectrome-
try (Ortec high-purity germanium detector).

Measurements for the determination of De were car-
ried out using a Freiberg Instruments Lexsyg Smart device
(Richter et al., 2015) with an integrated beta source (max
activity 7.1 GBq), delivering ca. 0.645 Gy s−1 to the sample
material in the given geometry (calibration with Freiberg In-
struments fine-grain quartz). The MET-pIR protocol origi-
nally suggested by Li and Li (2011; see review by Zhang and
Li, 2020) was applied using five IRSL steps at progressively
higher stimulation temperatures from 50 to 250 ◦C with a
gradual increase of 50 ◦C (Table S2). The reasoning behind
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this procedure is that the stability of the signal increases with
temperature, through this eliminating the effect of fading that
may lead to the underestimation of feldspar IRSL if not cor-
rected for. Li and Li (2011) report stable signals not affected
by fading for stimulation temperatures of 200 and 250 ◦C.
However, it is also known that the time to reset pIR signals
during sediment transport requires much longer time peri-
ods compared to quartz optically stimulated luminescence
(OSL). While the exact time depends on factors such as the
transport mechanism and prior dose (Smedley et al., 2015),
it has been shown for fluvial settings that pIR ages might sig-
nificantly overestimate the known age of a sediment (Lowick
et al., 2012).

Five to six aliquots were measured for each sample, and
the integral 0–15 s of signal readout was used for De de-
termination after subtracting the last 10 s as background
(Fig. 3a). Dose response curves were fitted using the sum
of two exponential growth curves (Fig. 3b). Mean De was
calculated using the Central Age Model (CAM) of Gal-
braith et al. (1999; Table S3). A dose recovery test was
carried out for sample KÖN-A-20, which revealed recov-
ery ratios within 10 % of unity for all stimulation temper-
atures but 250 ◦C. For the latter, the recovery ratio was at
150 %. Problems with high-temperature pIR measurements
have also been reported by Li et al. (2018) and Preusser et
al. (2021) for fluvial samples from the URG, which are likely
related to trap-specific changes in electron trapping proba-
bility (see Zhang, 2018; Qin et al., 2018). For some of the
pIR-250 measurements aliquots had to be rejected due to
saturation effects having been reached, similar to observa-
tions by Preusser et al. (2021). All other aliquots passed the
usual selection criteria (recycling ratio, recuperation, signal
intensity; Wintle and Murray, 2006). Dose rates (Table S4)
and ages (Table 1) were calculated using ADELEv2017 soft-
ware (Degering and Degering, 2020), assuming an a-value
of 0.08 ± 0.02 (Rees-Jones, 1995) and an internal potassium
content of 12.5 ± 0.5 % (Huntley and Baril, 1997). The water
content of all samples was measured after sampling, reveal-
ing values between 1.5 % and 14 %, with the majority of val-
ues above 10 %. However, since the sediment appeared rather
dried out near the surface of the exposure, it is expected
that these values significantly underestimate the average sed-
iment moisture during burial. For the dose rate calculations,
an average water content of 20 ± 5 % was used. Cosmic dose
rates were estimated depending on the geographic position
(48.13915◦ N, 7.813025◦ E), the altitude (216 m a.s.l.), and
the sampling depth following Prescott and Hutton (1994). All
ages are reported as kiloyears (ka) before the year of sam-
pling and measurement (2021 CE).

Figure 3. (a) Examples of IRSL decay curves (natural signal)
and (b) dose response curves for different stimulation temperatures
(sample KÖN-C-20; see panel a for colour codes).

4 Results

4.1 Profile description

The investigated part of the LPS Köndringen consists of
loess and two intercalated brownish pedosedimentary units
(PSUs). The ca. 1 m thick upper PSU is inclined to the west,
cutting into the underlying loess and merging with the hor-
izontally oriented ca. 2 m thick lower PSU (Fig. 2a). The
investigated profiles complement each other to a stratigra-
phy of 11 units (I–XI; Fig. 2b). Designations of the units V
to VIII take into account chronostratigraphic relations re-
vealed by luminescence dating (Fig. 4). Profile KÖN-A com-
prises the lowermost part of the lower PSU (Unit IX) and
a ca. 80 cm thick horizon with thick loess dolls (Unit X;
Fig. 2), underlain by calcareous loess (Unit XI). The lower
PSU (Unit IX) is exposed in KÖN-B and contains weakly
aggregated brownish pedosediments, partly with visible lay-
ers and frost features (Fig. 2). In the lowermost and the up-
permost parts (units IXg and IXa-c) slightly advanced pe-
dogenic aggregation and pigmentation (pale brown) are visi-
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Table 1. Ages determined at 50, 100, 150, 200, and 250 ◦C using the MET-pIR protocol are shown in kiloyears (ka) before the year of
sampling and measurement (2021 CE).

Sample Depth IR-50 pIR-100 pIR-150 pIR-200 pIR-250
(cm) (ka) (ka) (ka) (ka) (ka)

KÖN-C-370 330 53 ± 4 72 ± 5 86 ± 6 93 ± 7 97 ± 7
KÖN-C-290 410 64 ± 5 83 ± 6 97 ± 8 105 ± 8 115 ± 9
KÖN-C-210 490 85 ± 6 120 ± 9 147 ± 11 160 ± 12 180 ± 14
KÖN-C-130 570 122 ± 9 206 ± 16 261 ± 20 310 ± 25 441 ± 63
KÖN-C-70 630 131 ± 9 240 ± 24 314 ± 27 306 ± 28 391 ± 56
KÖN-C-20 680 179 ± 13 310 ± 24 430 ± 34 505 ± 43 441 ± 63
KÖN-B-470 230 53 ± 4 69 ± 5 84 ± 6 94 ± 7 97 ± 7
KÖN-B-390 310 69 ± 5 91 ± 8 111 ± 8 119 ± 9 133 ± 10
KÖN-B-340 360 116 ± 8 170 ± 13 215 ± 16 242 ± 18 267 ± 21
KÖN-B-250 450 160 ± 12 265 ± 21 344 ± 28 413 ± 36 469 ± 50
KÖN-B-205 495 166 ± 13 284 ± 22 373 ± 30 458 ± 42 463 ± 50
KÖN-B-155 545 159 ± 12 294 ± 25 431 ± 40 477 ± 54 457 ± 116
KÖN-B-105 595 148 ± 11 263 ± 20 350 ± 28 433 ± 39 476 ± 57
KÖN-B-75 625 162 ± 12 291 ± 25 388 ± 33 489 ± 53 487 ± 69
KÖN-B-30 670 151 ± 11 282 ± 22 394 ± 32 450 ± 41 529 ± 111
KÖN-A-220 580 135 ± 10 293 ± 24 370 ± 30 426 ± 43 603 ± 106
KÖN-A-60 740 186 ± 14 363 ± 34 466 ± 39 533 ± 48 746 ± 87
KÖN-A-20 780 197 ± 15 353 ± 30 452 ± 38 475 ± 60 581 ± 86

ble. Superimposed is brownish loess with a weak pedogenic
structure (Unit VIII) and highly calcareous loess (Unit VI).
A clear boundary separates Unit VI from Unit IV, which
can be subdivided into a weakly aggregated brown lower
part (IVf), grading into a weakly to moderately aggregated
greyish-brown upper part (IVa), with a gradual transition into
overlying loess sediments (Unit III). Profile KÖN-C starts
in the lowermost loess with carbonate concretions (Unit X),
ends in the uppermost loess (Unit III), and contains the ca.
3 m thick merged PSU, which is well-aggregated and con-
tains clay coatings in most parts. In Unit VII, clay coat-
ings are mainly found along larger aggregate surfaces and in
walls of larger pores, whereas the matrix is mainly yellowish-
brown (Fig. 2), grading into more intense brown in the upper
part (VIIa). By contrast, Unit V is reddish-brown throughout,
with numerous clay coatings and some Mn oxides on ped
surfaces. Contrary to KÖN-B, Unit IV in KÖN-C is more
homogenous, with moderate aggregation and incipient clay
coatings in the lower half (IVc–d). The transition into the
overlying greyish, partly layered loess (Unit III) is sharp.
Units II and I are not investigated due to accessibility prob-
lems and correspond to the uppermost, apparently homoge-
nous loess and the present-day surface soil, respectively.

4.2 Colour

Measured colours allow for a rather robust separation of the
sequence into subunits (labelled a, b, etc.) shown in Fig. 4.
Colour variations in KÖN-A are minimal there is a slight
increase in brownish hue in the uppermost part (Unit Xa),
indicated by slightly increasing red (a∗) and yellow (b∗)

colour components. The lower PSU in KÖN-B is subdivided
into light brown to brown units. The incipient palaeosols in
the bottom and upper part are darker (lower L∗) and more
brownish (higher a∗ and b∗), respectively. The uppermost
unit (IXa) is again darker, with a less brownish component.
From Unit VIII to VI the a∗- and b∗-values strongly de-
crease, along with an increase in lightness (L∗). Noticeable
are a slightly dark (VIIIa) horizon and another slightly more
brownish horizon (VIb). The lower half of the upper PSU has
high a∗- and b∗-values, whereas in the upper part, the yellow-
ish component decreases rapidly, and darkness stays high,
resulting in a greyish-brown colour. In the merged PSU of
KÖN-C L∗ remains low, whereas a∗ and b∗ show a compara-
ble (e.g. common increase in the lower part of VII) but partly
deviating pattern. We highlight the peak of a∗ in Unit V,
whereas the peaks of b∗ are shifted to the transition into
Unit VII. In Unit IV of profile KÖN-C there are little changes
in colour, different to profile KÖN-B, the unit of which is two
parts.

4.3 Grain size composition

The texture of the LPS Köndringen is largely dominated
by medium to coarse silt (Fig. 4). The loess between the
two PSUs of KÖN-B (Unit VI) exhibits a clear mode at the
medium–coarse silt boundary (20 µm). By contrast, the mode
in the merged PSU (units V and VII) oscillates within the
medium silt fraction and is less pronounced due to a wider
distribution of grain sizes, specifically towards the finer frac-
tions. The upper PSU in KÖN-B has a granulometry quite
similar to the underlying loess, whereas the lower PSU has a
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Figure 4. Stratigraphy and laboratory data of the profiles KÖN-A, KÖN-B, and KÖN-C. Real and two-times-enhanced (to the left) RGB
colours of each sample are shown as background to the data plots and pedological designations, respectively. Grain size distributions are
displayed as heat maps (Schulte and Lehmkuhl, 2018). Ln /Tn ratios are partly beyond the limit of this method (pale red background) or
from palaeosols (pale orange background) with a higher dose rate, which is related to the enrichment of clay in such layers. Raw data are
available in the Supplement.

https://doi.org/10.5194/egqsj-72-1-2023 E&G Quaternary Sci. J., 72, 1–21, 2023



10 L. Schwahn et al.: Middle Pleistocene loess–palaeosol sequence of Köndringen, SW Germany

variable pattern, with considerable oscillations in the grain
size mode, especially in the upper part (VIII and IXa–b).
There, more than 1 % medium to coarse sand grains are
present; similar peaks are observed in the upper half of the
upper PSU (units IVa–b) and the upper half of the merged
PSU in KÖN C (units IVc–d).

The loess sediment (Unit VI) between the PSU of KÖN-B
contains mostly less than 15 % clayp, whereas the lowermost
loess (Unit X–XI) has 15 %–25 % clayp. The upper PSU
(Unit IV) has only slightly higher clayp contents compared
to the underlying loess (Fig. 4). The lower PSU (Unit IX) ex-
hibits strong oscillations of clayp contents in the upper half
(occasionally larger than 25 %), where we also noted variable
grain size modes and the presence of medium to coarse sand.
The merged PSU in KÖN-C has clayp contents of around
25 % in the well-developed palaeosol units V and VII and
15 %–20 % clayp in the superimposed horizons (IV).

4.4 Carbonate content, organic carbon, and magnetic
susceptibility

The loess between the two PSUs in KÖN-B (Unit VI) and
the lower loess (units X–XI) mostly have carbonate contents
> 15 %, whereas the merged PSU is completely decalcified
(Fig. 4). The upper PSU (Unit IV) contains a few percent of
carbonate, which constantly increases to > 15 % in the over-
lying loess (Unit III). As visible in the field, the transition of
Unit IV to Unit III is sharp in KÖN-CA. The lower PSU is
almost free of carbonate, with minor contents in those parts
with a very variable granulometry (units IXa–b and VIII). In
Unit VIIIa, there is a constant increase to 15 % towards the
upper unit boundary.

LOICorg contents vary between 1 % in loess and 2 % in the
palaeosols and likely represent a mixed signal of organic car-
bon and clay mineral interlayer water (see Sect. 3.3). Clear
peaks in the Bt horizons of the merged PSU (units VIIb and
V), high LOI Corg contents in the upper half of Unit IX,
and some local peak in IXg, which was interpreted as weak
palaeosol (Fig. 4), are present.

Mass-specific χ values vary from 10 to
46 × 10−8 m3 kg−1. Generally, χ and magnetic enhance-
ment of the frequency dependency is comparable to other
loess localities in Eurasia (Fig. 5a–b; e.g. Zeeden et al.,
2016; Zeeden and Hambach, 2021). The loess units at the
bottom of the sequence (IX and X) and between the two
PSUs (Unit VI) show distinctively lower χ , which are in
a similar range as the χ from the nearby last glacial LPS
Bahlingen-Schönenberg (Schulze et al., 2022). The lower
PSU in profile KÖN-B shows slightly enhanced χ , with
local maxima in the lowermost and uppermost parts of
Unit IX and in Unit VIII. The merged PSU in KÖN-C shows
the highest χ and also the highest magnetic enhancement.
Distinct peaks in the Bt horizons coincide with those of
LOI Corg. The maximum χ values occur in Unit IV and are
considerably higher compared to Unit IV in KÖN-B.

The temperature-dependent magnetic susceptibility prop-
erties of nine samples are rather complex and vary consider-
ably within the profile. The results cluster in four groups, de-
scribed by their heating curves (Fig. 5c–f). All samples show
an increase in χ at ca. 325 ◦C and a subsequent decrease
towards ca. 500 ◦C. Furthermore, samples KÖN_A_20–25
and KÖN_A_75–80 (Fig. 5c) show a weak increase until
ca. 570 ◦C before a sharp decrease until 600 ◦C. Thereafter,
χ continues to decrease until ca. 700 ◦C. The susceptibil-
ity reaches values much higher (ca. 9-fold) during cooling
than during the heating process. Samples KÖN_B_85–90
and KÖN_C_135–140 (Fig. 5d) show a further decrease in
χ during heating with a steep drop at ca. 590 ◦C. These sam-
ples show only slightly higher χ during cooling than dur-
ing heating. Samples KÖN_A_140–145, KÖN_B_350–355,
and KÖN_C_75–80 (Fig. 5e) show a similar pattern as the
first group (Fig. 5a) but have a much more pronounced max-
imum of χ at ca. 570 ◦C during heating. The susceptibility
during cooling is only ca. 3-fold higher than during heating.
Samples KÖN_C_225–230 and KÖN_C_280–285 (Fig. 5f)
show a rather constant decrease in χ from ca. 300 ◦C until
ca. 600 ◦C, as well as a clear further decrease in χ until ca.
700 ◦C.

4.5 IRSL screening

Ln /Tn values in units X and XI of KÖN-C are very consis-
tent with an average of 7.8 ± 0.2 (Fig. 4). In the upper parts
of KÖN-B (units X to VIII) and KÖN-C (units X, VIII, VII),
average Ln /Tn values of 8.36 ± 0.26 and 8.08 ± 0.24, re-
spectively, are observed. In KÖN-B, the lower part of Unit VI
has an average value of 7.59 ± 0.46, whereas the upper part
and that continuing into the lower part of Unit IV show a sig-
nificantly lower value of 6.20 ± 0.35. In the highest part of
the sequence investigated here, the mean Ln /Tn value de-
creases from 6.07 ± 0.14 (380 cm; Unit IVf) to 4.30 ± 0.11
(480 cm; Unit IIIa). In KÖN-C, Unit V shows a gradual
decrease in values from ca. 8.14 ± 0.41 (160–180 cm) to
6.16 ± 0.16 (230 cm). These values continue in Unit IVd
(mean 6.01 ± 0.26), whereas Unit IVc has a slightly lower
mean value of 5.72 ± 0.24. Units IVb and IVa have sim-
ilar values (mean 5.61 ± 0.10) but the uppermost sample
of Unit IVa is slightly lower (5.43 ± 0.14). Significantly
lower is the value of the single sample taken from Unit III
(3.93 ± 0.11).

4.6 Luminescence dating

The MET-pIR results in five ages per sample (Table 1),
which are expected to reflect an increasing stability of the IR-
stimulated signal with increasing stimulation temperature. In
fact, this trend is clearly observed for the samples investi-
gated here, as shown in Fig. 6a. On average, the pIR-50 ages
are at the ratio 0.42 ± 0.09, the pIR-100 ages at 0.69 ± 0.07,
and the pIR-150 ages at 0.88 ± 0.06 of the pIR-200 ages that
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Figure 5. (a) Plot of the magnetic susceptibility (ordinate) and its frequency dependency (in %, abscissa) for different stratigraphic units.
(b) Comparison of the magnetic susceptibility and its frequency dependence on Bahlingen-Schönenberg, Willendorf, and Semlac (Schulze et
al., 2022; Zeeden et al., 2016; Zeeden and Hambach, 2021). This shows that the magnetic properties from Köndringen are in line with other
available datasets from Eurasia. Strong indications of either wind vigour or dissolution effects are not present. (c–f) Temperature-dependent
susceptibility during heating (red) and cooling (blue) of the samples indicated in the figure.

are used as reference. The pIR-250 ages are slightly higher
(1.14 ± 0.16). The increase in stimulation temperature goes
along with an increase in sensitivity change with the single
aliquot regenerative dose (SAR) protocol (Fig. 6b), which is
in particular strong for pIR-250 and partly leads to poor re-
cycling ratios. Furthermore, there is a clear difference in the

shape of dose response curves, with a flatter shape observed
for pIR-250. The latter causes a lower saturation dose for
pIR-250. In combination with the observation of highly over-
estimating dose recovery tests, the pIR-250 ages are consid-
ered unreliable, and the discussion of the age of the deposits
will rely on the pIR-200 ages (Figs. 2 and 4).
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Figure 6. (a) The plot of IRSL and pIR ages determined for dif-
ferent stimulation temperatures normalised against the pIR-200 age
demonstrates that ages systemically increase with stimulation tem-
perature. (b) The test dose sensitivity change during the course of
the SAR cycle for different stimulation temperatures normalised to
the first measurement (sample KÖN-C-20) is increasingly larger for
higher stimulation temperatures.

5 Discussion

5.1 LPS forming processes

The stratigraphically lowest sediment is pale yellow calcare-
ous loess with a carbonate content of around 20 % and a clear
texture mode in the medium to coarse silt fraction (ca. 20 µm;
Fig. 4). With few exceptions, this mode is present throughout
the LPS, which indicates that loess sediments are the parent
materials of all palaeosols in the case the latter did not form
from pedosediments. The high content of primary carbon-
ate in unaltered loess reinforces earlier notions that sediment
brought by the river Rhine, originating from the largely cal-
careous northern Swiss Alps and the Jura Mountains, must
be a major source of the silt (Hädrich, 1975). Compared to

last glacial loess of the nearby LPS Bahlingen (Schulze et
al., 2022) and other last glacial LPSs from Central Europe,
for example, Remagen, Garzweiler, and Krems-Wachtberg
(Sprafke et al., 2020), which have grain size modes around
40 µm, the grain size mode at Köndringen is ca. 15–20 µm
finer. Regionally distributed data on loess granulometry are
not available to clarify if our data reveal deviating silt trans-
port regimes during the Middle Pleistocene or if there is a re-
gional differentiation in grain sizes due to transport distances
and topographic barriers between the Rhine and Köndringen;
it is planned to investigate this in future studies.

In last glacial LPSs with weak pedogenic differentiation,
grain size variations are powerful proxies to reconstruct
sedimentation dynamics, resulting from catchment geomor-
phic processes and wind regimes in reaction to past climate
change (Antoine et al., 2009; Vandenberghe, 2013; Schulte
et al., 2018; Sprafke et al., 2020). At Köndringen, the three
profiles encompass mainly pedosedimentary units and well-
developed palaeosols. Here, the wider grain size distribution,
including increases in the clay fraction, mainly reflects the ef-
fect of post-sedimentary alteration, i.e. pedogenesis (Schulte
and Lehmkuhl, 2018). Additionally, the reworking of loess
and soil material by slope wash may lead to the admixture
of coarse components in the case these are exposed further
upslope (Sprafke et al., 2020). As the fraction above 1 mm
was not determined quantitatively, we use the fraction 200–
1000 µm as proxy for slope wash. Peaks are observed in the
upper parts of the PSUs, which reflects a typical phenomenon
in Central European LPSs, i.e. landscape degradation and
slope processes at the transition of warm and moist to cold
and dry environmental conditions (e.g. interglacial to glacial
transitions) interrupted by phases of weak to moderate pedo-
genesis (Semmel, 1968; Bibus, 1974; Terhorst et al., 2002;
Sprafke et al., 2014).

Landscape stability results in the alteration of loess and
slope deposits by pedogenesis with weathering intensity be-
ing mainly a function of duration and humidity. Initial ter-
restrial (well-aerated) pedogenesis in the presence of suffi-
cient soil moisture leads to organic matter accumulation by
humification (darkening) and structural changes by bioturba-
tion, followed by decalcification and oxidation (brownish to
reddish pigmentation). In addition to pedogenic structuring
(aggregation), pigmentation, and increases in χ , advanced
soil development leads to increases in clay content due to
silicate weathering of silicates and clay translocation, which
mainly takes place in interglacials. Clay translocation in Cen-
tral European loess may also occur during marked interstadi-
als, usually in the presence of pre-weathered pedosediments
(Frechen et al., 2007).

At Köndringen, we observe two major PSUs (Fig. 2;
KÖN-B profile) merging into one (KÖN-C profile), with spe-
cific properties related to pedogenesis and posterior rework-
ing. All PSUs are largely decalcified, the colours are brown,
and clay contents are 5 %–15 % higher than the loess in be-
tween (Unit VI), reflecting at least moderate pedogenesis.
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Clay coatings on polyhedral ped surfaces in units V and
VII indicate long-term pedogenesis, likely under interglacial
conditions (Semmel, 1968; Terhorst et al., 2002). The two
peaks in LOI Corg (Fig. 4) coincide with horizons enriched
in illuvial clay, as this method is sensitive to minerals with in-
terlayer water. In the field, illuvial clay of Unit V appears to
reach into the upper parts of Unit VII, which itself may be a
former eluvial horizon of an older Luvisol. Superimposed on
the two well-developed palaeosols is a more humic palaeosol
with incipient clay coatings, which may correspond to reac-
tivated illuvial clay from pedosediments (Unit IV). High χ
values characterise the merged PSU, with peaks correspond-
ing to the Bt horizons (units V and VII) and maxima in the
humic horizons of unit IV. This suggests that χ is sensitive to
subsoils of truncated to full interglacial palaeosols but even
more to preserved humic topsoils, where biochemical pro-
cesses occur with high intensity.

The χ values of loess at Köndringen and Bahlingen
(Schulze et al., 2022) are rather low; only in units affected
by advanced pedogenesis do χ values reach those of other
European reference profiles (Fig. 5b). As contents of non-
magnetic carbonate are similar (ca. 15 %–25 %) in loess of
the URG and the Danube Basin (Sprafke, 2016; Pécsi and
Richter, 1996), lower χ values of URG loess are possibly re-
lated to a higher share of coarse diamagnetic silicate minerals
(e.g. quartz). The basal loess at Köndringen has the lowest χ
values due to the additional contribution of (non-magnetic)
secondary carbonate visible in the field. The thick carbon-
ate concretions below and the brown colour of the lower
PSU (Unit IX) give the impression of long-term pedogenesis.
However, χ values of the lower PSU are rather low, indicat-
ing a weak to moderate intensity of soil formation or a mix of
soil and loess material. Granulometric fluctuations in the up-
per part and layering, frost features, and the weak pedogenic
structure in the lower part of the lower PSU (Fig. 2a) sup-
port that it consists mainly of reworked soil material. Some
re-established pedogenic structure and slight increases in χ
in the lowermost part (IXg) and upper part (IXa–c) of the
lower PSU indicate weak to moderate pedogenesis of inter-
stadial intensity. Specifically, Unit IXa may correspond to a
humic topsoil formed during this interstadial-type pedoge-
nesis. Unit VIII represents enhanced aeolian sedimentation,
with Unit VIIIb likely representing a phase of weak pedo-
genesis, indicated by lower carbonate contents and a more
brownish colour.

We interpret the temperature-dependent susceptibility
properties (Fig. 5c–f) as indicative of relevant contributions
of magnetite, maghemite, and hematite. For Eurasian loess,
the increase in χ at ∼ 300 ◦C has been related to the alter-
ation of weakly magnetic Fe phases to maghemite or mag-
netite; the heating curves of the magnetic susceptibility plot-
ted in Fig. 5e are most typical of last (inter-)glacial Euro-
pean palaeosols and loess sediments (see Zeeden and Ham-
bach, 2021, and references therein). The drop in the sus-
ceptibility at ∼ 585 ◦C likely represents the Curie temper-

ature of magnetite. The further decrease in the χ towards
700 ◦C is interpreted as a contribution of hematite (Fig. 5f).
While for all samples an increase in χ at ∼ 300 ◦C is present
(Fig. 5c–f), samples shown in Fig. 5c and d show this phe-
nomenon most prominently. For the samples from units X
and XI (Fig. 5c), this is not surprising as these are from typ-
ical loess, which will easily form magnetic minerals when
heated. The much higher susceptibility during cooling for
some samples (Fig. 5c) implies that non- or weakly magnetic
iron phases are prominently present in the sediment. The sus-
ceptibilities that are not much higher during cooling for sam-
ples from Unit VIIa (merged PSU) and Unit IXe (lower PSU;
Fig. 5d) are interpreted as originating from mature, likely in-
terglacial soils. The absence of strong ferrimagnetism in the
lower PSU can be explained by the removal of the very fine
fraction during slope wash that led to the reworking of a pre-
viously present interglacial soil. The upper PSU in KÖN-B
corresponds stratigraphically to the upper part of the merged
PSU in profile KÖN-C. Yet, our data show that Unit IV has
different properties in both profiles. For KÖN-C, please note
the presence of a humic palaeosol with incipient clay illu-
viation cut sharply by overlying loess. In KÖN-B there is a
clear subdivision into a brown, weakly aggregated part and
a darker, moderately aggregated part, grading into overlying
loess. It is likely that units IVe–f correspond to brown pe-
dosediment which was overprinted by a humic palaeosol and
successively buried by loess. The presence of carbonate in
the pedosediment indicates that decalcification, allowing for
clay illuviation (as in KÖN-C), was not reached in this part
of the LPS, but micromorphological studies are necessary to
support or neglect this hypothesis (cf. Sprafke et al., 2014).
Units IVb–d instead are decalcified and have high χ values,
indicating that pedogenesis was stronger. The hematite con-
tribution, seen best in samples from the base of the upper
PSU (units IVc, d; see Fig. 5f), implies that the upper PSU
contains material from a mature, likely interglacial soil. As
for the lower PSU, this phenomenon may be related to the
incorporation of older pre-weathered material, which is typi-
cal of early glacial palaeosols in Central Europe (Frechen et
al., 2007; Sprafke et al., 2014).

Overall, our colour, granulometry, magnetic susceptibility,
and LOI data considerably support the subdivision and inter-
pretation of the studied LPS (Fig. 4), although we note that
the interpretation appears partly ambiguous in the absence of
detailed macro- and micromorphological studies (cf. Sprafke
et al., 2014; Sprafke, 2016). As the focus of this study was the
testing of new methods, specifically luminescence screen-
ing and advanced dating protocols, we note a shortcoming
in (micro-)structural information to precisely reconstruct the
formation of this complex LPS.

5.2 Chronostratigraphy

Sections KÖN-A and KÖN-C comprise the oldest strati-
graphic units (XI and X) for which consistent ages
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of 533 ± 48 ka (KÖN-A-20), 475 ± 60 (KÖN-A-60), and
505 ± 43 ka (KÖN-C-20) have been determined. Assuming
the two units (XI and X) are quasi-synchronous allows a
mean age of 505 ± 71 ka (CAM) to be calculated for the basal
part of the investigated sequence. The large uncertainty does
not allow an unambiguous correlation with MIS stratigraphy
(Lisiecki and Raymo, 2005), but assuming the loess was de-
posited during a glacial period makes MIS 14 (563–533 ka)
and MIS 12 (478–424 ka) the most likely candidates. How-
ever, it is at present not known if the pIR-200 ages are af-
fected by systematic underestimation due to, for example,
a low level of fading or the onset of signal saturation. The
question of potential underestimation can only be answered
by comparison with independent age control, which is so far
not available for the region. In the absence of any evidence
pointing towards age underestimation, the pIR-200 ages are
considered reliable for the time being.

In Profile KÖN-A, unit X with massive loess dolls is over-
lain by pedosediments corresponding to the lowermost part
of the lower PSU (Unit IX). The age of 426 ± 43 ka (KÖN-A-
220) corresponds to late MIS 12 or early MIS 11. In section
KÖN-B, Unit IX contains five superimposed pIR-200 ages
overlapping within uncertainties (Table 1, Fig. 5), which rep-
resent a mean (CAM) age of 458 ± 21 ka and hence relate
to MIS 12 (478–424 ka). In the Alpine region, Middle Pleis-
tocene stratigraphies vary regionally and are fragmentary, but
in northern and western Europe MIS 12 correlates with the
large glaciation of the Elsterian (Cohen and Gibbard, 2019).
According to our interpretation, Unit IX likely comprises soil
material reworked by slope wash. Based on the susceptibility
data it likely contains components of a well-developed inter-
glacial soil, which would be pre-Elsterian (possibly Crome-
rian). The age of 413 ± 36 ka (KÖN-B-250) for Unit VIII on
top of Unit IX may represent the MISs 12–11 boundary, as
ongoing sedimentation and rather weak pedogenesis appear
less likely for an interglacial (MIS 11). Based on geochronol-
ogy and palaeosol morphology, there is no evidence for an
MIS 11 palaeosol in the studied part of the Köndringen out-
crop; it may have been eroded subsequent to its formation.

In Unit VII (profile KÖN-B), two consistent pIR-200 ages
of 310 ± 25 ka (KÖN-C-130) and 306 ± 28 ka (KÖN-C-70)
point towards deposition during MIS 9 (337–300 ka). Both
ages are from a well-developed Bt horizon, most likely
formed during interglacial conditions; therefore some reju-
venation by bioturbation or a slight age underestimation can
be assumed. The highly calcareous loess of Unit VI has
an age of 242 ± 18 ka (KÖN-B-340) and hence correlates
with MIS 8 (300–243 ka). The age determined for the well-
developed Bt horizon Unit V (160 ± 12 ka, KÖN-C-210)
likely reflects the age of the parent material deposited during
MIS 6 (191–130 ka), whereas soil formation presumably oc-
curred during MIS 5e (130–115 ka), the Last Interglacial pe-
riod (Eemian). Two pIR-200 ages determined for the upper
PSU (Unit IV) of 119 ± 9 ka (KÖN-B-390) and 105 ± 8 ka
(KÖN-C-290) fall into earlier phases of MIS 5 and likely

correspond to the beginning of the last glacial period dur-
ing MIS 5d (115–102 ka). The two topmost samples taken
from loess above (Unit III) have ages of 94 ± 7 ka (KÖN-B-
470) and 93 ± 7 ka (KÖN-C-370), indicating deposition dur-
ing MIS 5c (102–92 ka) to MIS 5b (92–85 ka).

Ln /Tn values from IRSL screening determined for the
lower part of section KÖN-C do not reflect the hiatus be-
tween units X and VII that is clearly observed by the pIR-
200 ages (505 ± 43 ka versus 310 ± 25 ka and 306 ± 28 ka).
In this context, it has to be noted that Ln /Tn values have
been determined using IRSL stimulated at 50 ◦C, hence with
a signal that will be affected by fading. In the presence of fad-
ing, the latent IRSL signal will rise to an equilibrium point at
which the amount of newly produced latent signal equals the
decay of the latent signal. This equilibrium point will be de-
fined by the number of electron traps that host the latent sig-
nal, the fading rate, and the signal production rate, i.e. dose
rate. The latter effect is reflected by the observation that the
Ln /Tn values for the basal loess (units XI and X) are lower
than those observed for the rest of the sequence. In fact, the
dose rate in this part is lower (ca. 2.8 Gy kyr−1) compared
to other parts of the sequence (ca. 3.7–3.8 Gy kyr−1), which
appear to be in equilibrium. In the present setting, the IRSL
screening values carry age information only up to ca. 300 ka.

In the upper part of section KÖN-B, additional chrono-
logical information is derived from IRSL screening values
that is not provided by the dating itself. First, Unit VI is
clearly subdivided into a lower and upper subunit, as in-
dicated by the offset in Ln /Tn values (7.59 ± 0.46 versus
6.20 ± 0.35). Such a significant offset may represent a time
of several hundreds of thousands of years; hence, the lower
part may correspond to MIS 10 (374–337 ka) and the upper
part to MIS 8 (300–243 ka), the latter age being confirmed
by a pIR-200 age. The continuation of Ln /Tn values just
above and in Unit IV reveals that this part of the sequence
was likely also deposited during MIS 8 but overprinted by
later soil development. The gradual decrease in values from
8.14 ± 0.41 (160–180 cm) to 6.16 ± 0.16 (230 cm) implies
quasi-continuous accumulation in the upper part of the in-
vestigated sequence. Apparently, continuous deposition is
also observed for the upper part of Unit V in section KÖN-
C, and it is shown that the lower part of this unit devel-
oped on older material (of Unit VII?). Unit IV and its sub-
units in this section apparently represent episodic deposition
reflected by the different mean Ln /Tn values (Unit IVd:
6.01 ± 0.26; Unit IVc: 5.72 ± 0.24; Unit IVb and lower
Unit IVa: 5.61 ± 0.10; Unit IVa: 5.43 ± 0.14). However, since
dosimetric effects cannot be ruled out, this statement has to
be treated with caution and would require proof by full dat-
ing.

From a magnetostratigraphic perspective, we note that the
magnetic signatures of the Bt horizons related to MIS 9 and
MIS 5 are not as high as those typically are for full in-
terglacial conditions, but URG loess seems to have overall
lower χ values than other Central European LPSs. As noted

E&G Quaternary Sci. J., 72, 1–21, 2023 https://doi.org/10.5194/egqsj-72-1-2023



L. Schwahn et al.: Middle Pleistocene loess–palaeosol sequence of Köndringen, SW Germany 15

previously (e.g. Necula et al., 2015; Marković et al., 2015), χ
values of interglacial soils vary considerably in Europe. Fur-
thermore, the type of pedogenesis and the position in the soil
profile apparently influence this proxy. More geographically
distributed χ data are necessary to understand the spatial pat-
tern of the proxy intensities.

5.3 Stratigraphic context

During the past decades, research on LPSs in Central Europe
has mainly focused on last glacial records, occasionally with
obtained ages below Eemian palaeosols (e.g. Kadereit et al.,
2013; Moine et al., 2017; Fischer et al., 2021; Lehmkuhl et
al., 2016; Zens et al., 2018; Krauss et al., 2018; Rahimzadeh
et al., 2021). Many Middle Pleistocene LPSs still lack state-
of-the-art chronologies for individual loess and soil units,
although palaeomagnetism and tephra stratigraphy are be-
ing applied where time intervals and material are present
(e.g. Jordanova et al., 2022; Laag et al., 2021; Marković
et al., 2015). TL ages from pre-Eemian (MIS 6 and older)
loess elaborated during the 1980s to 1990s provide first ap-
proximations to the Middle Pleistocene loess chronology,
though with large uncertainties (Zöller et al., 1988; Frechen
et al., 1992; Frechen, 1994). IRSL ages from the late 1990s
to early 2010s provide more robust estimates back to 200–
250 ka (e.g. Preusser and Fiebig, 2009) at the LPS Wels-
Aschet, Upper Austria. Further methodological advances are
related to the application of thermally transferred (TT) OSL
(Moska and Bluszcz, 2013) and pIR protocols (Schmidt et
al., 2011a, b; Thiel et al., 2011a, b). Post-IR IRSL290 dating,
for example, extended the numerical age range in loess from
Lower Austria (Paudorf, Göttweig-Furth and Aigen, Krems
shooting range) and Hungary (Paks brickyard) to 300–350 ka
(Thiel et al., 2011b, 2014; Sprafke et al., 2014; Sprafke,
2016). The MET-pIR ages determined at Köndringen reach
back to 500 ka and are among the oldest luminescence ages
obtained from loess in Central Europe. The opportunity to
date back to pre-Holsteinian (MIS 11) times is promising
from a geochronological point of view; however, pedostrati-
graphic relations at Köndringen are rather complicated and
provide limited support to assess the reliability of our data in
the absence of independent numerical age control.

A central controversy in loess research of Central Europe
surrounds the questions of if Luvisols are strictly limited to
full interglacial conditions and if these recurred every ca.
100 000 years, as proposed by Bibus (2002) for SW Germany
and adopted by Terhorst et al. (2007, 2015) for Upper Aus-
tria. This hypothesis is apparently supported by LPSs in NW
France, where Antoine et al. (2021) report seven interglacial
Bt horizons between the surface soil and the Matuyama–
Brunhes boundary (MBB) around 780 ka. However, at the
LPS Weilbach (Hesse) it appears that MIS 7 is only repre-
sented by two humic horizons (Weilbacher Humuszonen),
and the next Bt horizon below the Eemian palaeosol may
rather correspond to MIS 9 (Schmidt et al., 2011b). At

Harmignies in Belgium, MIS 7 may be represented by two
Bt horizons of Luvisols (Haesaerts et al., 2019), similar to
findings from Červený kopec (Kukla, 1977) and other lo-
calities in Central Europe (e.g. Necula et al., 2015, and ref-
erences therein). At Wels-Aschet, luminescence ages point
to more than one Bt horizon being equivalent to MIS 7,
consistent with two prominent global warm phases sepa-
rated by a cooler phase encompassing MIS 7 (Preusser and
Fiebig, 2009). At Koblenz-Metternich a formation of Luvi-
sols reportedly occurred during pronounced interstadial con-
ditions of the early Wurmian (Boenigk and Frechen, 2001).
All the mentioned LPSs lack numerical age control by state-
of-the-art methods, and there are further prominent LPSs in
Central Europe that contain several fossil Bt horizons but
lack a robust chronological framework for the Middle Pleis-
tocene parts, for example Kärlich (Boenigk and Frechen,
1998), Bad Soden (Semmel and Fromm, 1976), Kirchheim
(Rösner, 1990), Hagelstadt (Strunk, 1990), and Achenheim
(Junkmanns, 1995). In summary, considering the discrepan-
cies in Middle Pleistocene loess stratigraphy of Central Eu-
rope, it appears mandatory to date several geographically dis-
tributed LPSs with state-of-the-art luminescence dating ap-
proaches and precisely determine pathways of palaeopedoge-
nesis to understand the regional imprint of spatially distinct
palaeoclimates to the pedosphere (Sprafke, 2016).

At Köndringen, there are too many discontinuities to sup-
port or disprove available stratigraphic models. The two well-
developed Bt horizons correspond to MISs 5e and 9, which
suggests that these Luvisol subsoils represent full interglacial
conditions. This is in agreement with earlier assumptions
of Bronger (1966) and Guenther (1987), who suggest that
regional interglacials are typically represented by Luvisols
yet without being backed up by numeric age control. Some
clay translocation in early glacial pedosediments of Unit IV
in KÖN-C is likely related to a remobilisation of illuvial
clay after post-Eemian colluviation in the absence of car-
bonate, as reported for the LPS Schatthausen near Heidel-
berg (Frechen et al., 2007). Interestingly in KÖN-B, there
are no signs of clay translocation in the brown early glacial
pedosediments, which may relate to some admixture of car-
bonate during colluviation, which hampers posterior clay
translocation, as suggested for the MIS 5 pedocomplex of the
LPS Paudorf, Lower Austria (Sprafke et al., 2014). This un-
derlines that palaeoclimatic inferences from polygenetic and
partly reworked palaeosols are difficult and require detailed
(chrono-)stratigraphic, sedimentological, and also micromor-
phological studies. The lack of (micro-)morphological data is
obvious with respect to the lower PSU at Köndringen, which
is most likely an Elsterian pedosediment (see Sect. 5.2), with
incipient interstadial pedogenesis in the lowermost and upper
part. Advanced interglacial pedogenesis has most likely oc-
curred before soil reworking, which would be pre-Elsterian
(MIS 12), i.e. Cromerian. Thus, a Holsteinian palaeosol in
other parts of the outcrop and/or in other sites of the re-
gion may be expected. The well-developed carbonate nod-
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ules likely represent one or more Cromerian interglacials
and are possibly the result of a merged soil developed dur-
ing MISs 15–13, as interpreted for Central Europe (Terhorst,
2007; Bronger, 2003; Marković et al., 2015; Necula et al.,
2015, and references therein).

The loess package between the upper and lower PSUs cor-
responds to MIS 8, which is known for rather little global
ice volume compared to MISs 6, 10, and 12 (Lisiecki and
Raymo, 2005). If loess volume is taken as an indicator for
upstream glacier activity, the presence of a distinct MIS 8
loess package would imply a major phase of glaciation at this
time. However, this period is usually not considered to rep-
resent full glacial conditions in the Alps (e.g. van Husen and
Reitner, 2011), although it represents the phase of coldest sea
surface temperatures of the last 1 million years at the Iberian
Margin (Rodrigues et al., 2017, and references therein). Even
in northern Switzerland, where one of the most complex
glaciation histories has been reconstructed, there is still no
unequivocal evidence for a major glaciation during MIS 8
(Preusser et al., 2011). Investigating further LPSs from the
southern part of the URG, which is located downstream of
the formerly glaciated areas of northern Switzerland, could
give insight into aeolian sediment flux that is usually inter-
preted as a glacial signal in this region.

6 Conclusions

The studied section of the LPS Köndringen consists of loess
sediments intercalated by two prominent pedosedimentary
units (PSUs), of which the upper one is inclined to the west,
cutting into the underlying loess and merging with the lower
PSU. The applied high-resolution multi-method approach
leads to detailed stratigraphic information and supports the
reconstruction of the main phases of dust deposition, pedo-
genesis, and reworking of those units which were not lost by
erosion. MET-pIR ages reach back to more than 500 ka and
thus are among the oldest numerical ages obtained from loess
in Central Europe. Massive carbonate concretions in the loess
below the lower PSU point to advanced (interglacial) pedo-
genesis, apparently supported by the brownish colour, lack
of carbonates, and higher clay contents in the lower PSU.
However, the partly layered appearance, a weak pedogenic
structure, and low χ values suggest at most interstadial pe-
dogenesis. Temperature-dependent χ results support the as-
sumption that the lower PSU contains reworked interglacial
palaeosol material. Soil formation likely occurred during
MIS 13 (and/or MIS 15?) and reworking during MIS 12 (El-
sterian). The merged PSU in the western part of the stud-
ied outcrop comprises two well-developed interglacial Lu-
visol remnants (Bt horizons) dating to MIS 9 and MIS 5e
(Eemian). Superimposed is a humic palaeosol with incipient
clay coatings and the highest χ values likely formed during
MIS 5c. As the LPS Köndringen contains several hiatuses
and polygenetic units, the contribution towards refining the

Central European Middle Pleistocene loess stratigraphy re-
mains limited for the time being. However, our study mo-
tivates future studies in the region using the applied multi-
method approach in combination with MET-pIR state-of-the-
art dating. Future studies on loess stratigraphy and chronol-
ogy in the southern URG will contribute towards a better un-
derstanding of the chronology and impact of Alpine glacia-
tions.
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Jary, Z., Svensson, A., Jović, V., Lehmkuhl, F., Kovács, J.,
and Svirčev, Z.: Danube loess stratigraphy – Towards a pan-
European loess stratigraphic model, Earth-Sci. Rev., 148, 228–
258, https://doi.org/10.1016/j.earscirev.2015.06.005, 2015.

May, J.-H., Marx, S. K., Reynolds, W., Clark-Balzan, L., Ja-
cobsen, G. E., and Preusser, F.: Establishing a chronolog-
ical framework for a late Quaternary seasonal swamp in
the Australian “Top End”, Quat. Geochronol., 47, 81–92,
https://doi.org/10.1016/j.quageo.2018.05.010, 2018.

Mercier, J.-L. and Jeser, N.: The glacial history of the Vosges
Mountains, Developments in Quaternary Science, 2,113–118,
https://doi.org/10.1016/S1571-0866(04)80061-7, 2004.

Meszner, S., Kreutzer, S., Fuchs, M., and Faust, D.: Late Pleis-
tocene landscape dynamics in Saxony, Germany: Paleoenviron-
mental reconstruction using loess-paleosol sequences, Quatern.
Int., 296, 94–107, https://doi.org/10.1016/j.quaint.2012.12.040,
2013.

Meyers, P. A. and Lallier-Verges, E.: Lacustrine sed-
imentary organic matter records of Late Quater-
nary paleoclimates, J. Paleolimnol., 21, 345–372,
https://doi.org/10.1023/A:1008073732192, 1999.

Moine, O., Antoine, P., Hatté, C., Landais, A., Mathieu,
J., Prud’homme, C., and Rousseau, D.-D.: The impact
of Last Glacial climate variability in west-European
loess revealed by radiocarbon dating of fossil earth-
worm granules, P. Natl. Acad. Sci. USA, 114, 6209–6214,
https://doi.org/10.1073/pnas.1614751114, 2017.

Moska, P. and Bluszcz, A.: Luminescence dating of
loess profiles in Poland, Quatern. Int., 296, 51–60,
https://doi.org/10.1016/j.quaint.2012.09.004, 2013.

Necula, C., Dimofte, D., and Panaiotu, C.: Rock magnetism
of a loess-palaeosol sequence from the western Black
Sea shore (Romania), Geophys. J. Int., 202, 1733–1748,
https://doi.org/10.1093/gji/ggv250, 2015.

Pécsi, M. and Richter, G.: Löss: Herkunft – Gliederung – Land-
schaften, Z. Geomorphol., N.F., Supplementband 98, Bornträger,
Berlin & Stuttgart, 391 pp., ISBN 3-443-21098-8, 1996.

Prescott, J. R. and Hutton, J. T.: Cosmic ray contributions to
dose rates for luminescence and ESR dating: Large depths
and long-term time variations, Radiat. Meas., 23, 497–500,
https://doi.org/10.1016/1350-4487(94)90086-8, 1994.

Preusser, F.: Towards a chronology of the Late Pleistocene
in the northern Alpine Foreland, Boreas, 33, 195–210,
https://doi.org/10.1111/j.1502-3885.2004.tb01141.x, 2004.

Preusser F. and Fiebig M.: European Middle Pleistocene loess
chronostratigraphy: Some considerations based on evidence
from the Wels site, Austria, Quatern. Int., 198, 37–45,
https://doi.org/10.1016/j.quaint.2008.07.006, 2009.

Preusser, F., Drescher-Schneider, R., Fiebig, M., and Schlüchter,
C.: Re-interpretation of the Meikirch pollen record, Swiss
Alpine Foreland, and implications for Middle Pleis-
tocene chronostratigraphy, J. Quaternary Sci., 20, 607–620,
https://doi.org/10.1002/jqs.930, 2005.

Preusser, F., Graf, H. R., Keller, O., Krayss, E., and Schlüchter,
C.: Quaternary glaciation history of northern Switzerland, E&G
Quaternary Sci. J., 60, 21, https://doi.org/10.3285/eg.60.2-3.06,
2011.

Preusser, F., Büschelberger, M., Kemna, H. A., Miocic, J.,
Mueller, D., and May, J.-H.: Quaternary aggradation in the
Upper Rhine Graben linked to the glaciation history of
northern Switzerland, Int. J. Earth Sci., 110, 1827–1846,
https://doi.org/10.1007/s00531-021-02043-7, 2021.

Qin, J., Chen, J., Li, Y., and Zhou, L.: Initial sensitivity
change of K-feldspar pIRIR signals due to uncompensated
decrease in electron trapping probability: evidence from ra-
diofluorescence measurements, Radiat. Meas., 120, 131–136,
https://doi.org/10.1016/j.radmeas.2018.06.017, 2018.

Rahimzadeh, N., Sprafke, T., Thiel, C., Terhorst, B., and Frechen,
M.: A comparison of polymineral and K-feldspar post-infrared
infrared stimulated luminescence ages of loess from Franco-
nia, southern Germany, E&G Quaternary Sci. J., 70, 53–71,
https://doi.org/10.5194/egqsj-70-53-2021, 2021.

Rees-Jones, J.: Optical Dating Of Young Sediments Using Fine-
Grain Quartz, Ancient TL, 13, 9–14, 1995.

Richter, D., Richter, A., and Dornich, K.: Lexsyg smart –
a luminescence detection system for dosimetry, material re-
search and dating application, Geochronometria, 42, 202–209,
https://doi.org/10.1515/geochr-2015-0022, 2015.

Roberts, H. M., Durcan, J. A., and Duller, G. A. T.: Explor-
ing procedures for the rapid assessment of optically stimulated
luminescence range-finder ages, Radiat. Meas., 44, 582–587,
https://doi.org/10.1016/j.radmeas.2009.02.006, 2009.

Rodrigues, T., Alonso-García, M., Hodell, D. A., Rufino, M.,
Naughton, F., Grimalt, J. O., Voelker, A. H. L., and Abrantes,
F.: A 1-Ma record of sea surface temperature and extreme
cooling events in the North Atlantic: A perspective from
the Iberian Margin, Quaternary Sci. Rev., 172, 118–130,
https://doi.org/10.1016/j.quascirev.2017.07.004, 2017.

Rösner, U.: Die Mainfränkische Lößprovinz. Sedimentologische,
pedologische und morphodynamische Prozesse der Lößbildung
währenddes Pleistozäns in Mainfranken, Erlanger Geographis-
che Arbeiten, 301 pp., 1990.

https://doi.org/10.5194/egqsj-72-1-2023 E&G Quaternary Sci. J., 72, 1–21, 2023

https://doi.org/10.1016/j.earscirev.2020.103496
https://doi.org/10.1016/j.quageo.2011.05.001
https://doi.org/10.1111/bor.12266
https://doi.org/10.1029/2004PA001071
https://doi.org/10.1016/j.quageo.2011.12.003
https://doi.org/10.1016/j.earscirev.2015.06.005
https://doi.org/10.1016/j.quageo.2018.05.010
https://doi.org/10.1016/S1571-0866(04)80061-7
https://doi.org/10.1016/j.quaint.2012.12.040
https://doi.org/10.1023/A:1008073732192
https://doi.org/10.1073/pnas.1614751114
https://doi.org/10.1016/j.quaint.2012.09.004
https://doi.org/10.1093/gji/ggv250
https://doi.org/10.1016/1350-4487(94)90086-8
https://doi.org/10.1111/j.1502-3885.2004.tb01141.x
https://doi.org/10.1016/j.quaint.2008.07.006
https://doi.org/10.1002/jqs.930
https://doi.org/10.3285/eg.60.2-3.06
https://doi.org/10.1007/s00531-021-02043-7
https://doi.org/10.1016/j.radmeas.2018.06.017
https://doi.org/10.5194/egqsj-70-53-2021
https://doi.org/10.1515/geochr-2015-0022
https://doi.org/10.1016/j.radmeas.2009.02.006
https://doi.org/10.1016/j.quascirev.2017.07.004


20 L. Schwahn et al.: Middle Pleistocene loess–palaeosol sequence of Köndringen, SW Germany

Schmidt, E. D., Frechen, M., Murray, A. S., Tsukamoto,
S., and Bittmann, F.: Luminescence chronology of the
loess record from the Tönchesberg section: A comparison
of using quartz and feldspar as dosimeter to extend the
age range beyond the Eemian, Quatern. Int., 234, 10–22,
https://doi.org/10.1016/j.quaint.2010.07.012, 2011a.

Schmidt, E. D., Semmel, A., and Frechen, M.: Luminescence dating
of the loess/palaeosol sequence at the gravel quarry Gaul/Weil-
bach, Southern Hesse (Germany), E&G Quaternary Sci. J., 60, 9,
https://doi.org/10.3285/eg.60.1.08, 2011b.

Scholger, R. and Terhorst, B.: Magnetic excursions recorded
in the Middle to Upper Pleistocene loess/palaeosol sequence
Wels-Aschet (Austria), E&G Quaternary Sci. J., 62, 14–21,
https://doi.org/10.3285/eg.62.1.02, 2013.

Schulte, P. and Lehmkuhl, F.: The difference of two laser diffraction
patterns as an indicator for post-depositional grain size reduction
in loess-paleosol sequences, Palaeogeogr. Palaeocl., 509, 126–
136, https://doi.org/10.1016/j.palaeo.2017.02.022, 2018.

Schulte, P., Sprafke, T., Rodrigues, L., and Fitzsimmons, K. E.:
Are fixed grain size ratios useful proxies for loess sedimentation
dynamics? Experiences from Remizovka, Kazakhstan, Aeolian
Res., 31, 131–140, https://doi.org/10.1016/j.aeolia.2017.09.002,
2018.

Schulze, T., Schwahn, L., Fülling, A., Zeeden, C., Preusser, F.,
and Sprafke, T.: Investigating the loess–palaeosol sequence of
Bahlingen-Schönenberg (Kaiserstuhl), southwestern Germany,
using a multi-methodological approach, E&G Quaternary Sci. J.,
71, 145–162, https://doi.org/10.5194/egqsj-71-145-2022, 2022.

Semmel, A.: Studien über den Verlauf jungpleistozäner Formung in
Hessen, Frankfurter geographische Hefte, 44, 1–133, 1968.

Semmel, A. and Fromm, K.: Ergebnisse paläomagnetischer
Untersuchungen an quartären Sedimenten des Rhein-
Main-Gebiets, E&G Quaternary Sci. J., 27, 18–25,
https://doi.org/10.3285/eg.27.1.02, 1976.

Smedley, R. K., Duller, G. A. T., and Roberts, H. M.: Bleaching
of the post-IR IRSL signal from individual grains of K-feldspar:
Implications for single-grain dating, Radiat. Meas., 79, 33–42,
https://doi.org/10.1016/j.radmeas.2015.06.003, 2015.

Sprafke, T.: Löss in Niederösterreich – Archiv quartärer Klima-
und Landschaftsveränderungen, Würzburg University Press,
https://doi.org/10.25972/WUP-978-3-95826-039-9, 2016.

Sprafke, T. and Obreht, I.: Loess: Rock, sediment or soil – What
is missing for its definition?, Quatern. Int., 399, 198–207,
https://doi.org/10.1016/j.quaint.2015.03.033, 2016.

Sprafke, T., Thiel, C., and Terhorst, B.: From micromor-
phology to palaeoenvironment: The MIS 10 to MIS 5
record in Paudorf (Lower Austria), Catena, 117, 60–72,
https://doi.org/10.1016/j.catena.2013.06.024, 2014.

Sprafke, T., Schulte, P., Meyer-Heintze, S., Händel, M., Einwögerer,
T., Simon, U., Peticka, R., Schäfer, C., Lehmkuhl, F., and Ter-
horst, B.: Paleoenvironments from robust loess stratigraphy us-
ing high-resolution color and grain-size data of the last glacial
Krems-Wachtberg record (NE Austria), Quaternary Sci. Rev.,
248, 106602, https://doi.org/10.1016/j.quascirev.2020.106602,
2020.

Stebich, M., Höfer, D., Mingram, J., Nowaczyk, N., Rohrmüller,
J., Mrlina, J., and Kämpf, H.: A contribution towards the paly-
nostratigraphical classification of the Middle Pleistocene in Cen-
tral Europe: The pollen record of the Neualbenreuth Maar, north-

eastern Bavaria (Germany), Quaternary Sci. Rev., 250, 106681,
https://doi.org/10.1016/j.quascirev.2020.106681, 2020.

Stephan, H.-J.: Climato-stratigraphic subdivision of the Pleis-
tocene in Schleswig-Holstein, Germany and adjoining areas:
status and problems, E&G Quaternary Sci. J., 63, 3–18,
https://doi.org/10.3285/eg.63.1.01, 2014.

Stojakowits P., Mayr C., Ivy-Ochs S., Preusser F., Reitner J., and
Spötl C.: Environments at the MIS 3/2 transition in the north-
ern Alps and their foreland, Quatern. Int., 581/582, 99–113,
https://doi.org/10.1016/j.quaint.2020.08.003, 2021.

Strunk, H.: Das Quartärprofil von Hagelstadt im Bayerischen
Tertiärhügelland, E&G Quaternary Sci. J., 40, 85–96,
https://doi.org/10.3285/eg.40.1.06, 1990.

Terhorst, B.: Korrelation von mittelpleistozänen Löss-
/Paläobodensequenzen in Oberösterreich mit einer marinen
Sauerstoffisotopenkurve, E&G Quaternary Sci. J., 56, 172–185,
https://doi.org/10.3285/eg.56.3.03, 2007.

Terhorst, B.: A stratigraphic concept for Middle Pleistocene Quater-
nary sequences in Upper Austria , E&G Quaternary Sci. J., 62,
4–13, https://doi.org/10.3285/eg.62.1.01, 2013.

Terhorst, B., Frechen, M., and Reitner, J.: Chronostratigraphische
Ergebnisse aus Lößprofilen der Inn-und Traun-Hochterrassen in
Oberösterreich, Z. Geomorphol., Supplementband, 127, 213–
232, 2002.

Terhorst, B., Sedov, S., Sprafke, T., Peticzka, R., Meyer-
Heintze, S., Kühn, P., and Solleiro Rebolledo, E.: Aus-
trian MIS 3/2 loess–palaeosol records – Key sites along
a west–east transect, Palaeogeogr. Palaeocl., 418, 43–56,
https://doi.org/10.1016/j.palaeo.2014.10.020, 2015.

Thiel, C., Buylaert, J.-P., Murray, A. S., Terhorst, B., Hofer, I.,
Tsukamoto, S., and Frechen, M.: Luminescence dating of the
Stratzing loess profile (Austria) – testing the potential of an ele-
vated temperature post-IR IRSL protocol, Quatern. Int., 234, 23–
31, https://doi.org/10.1016/j.quaint.2010.05.018, 2011a.

Thiel, C., Buylaert, J.-P., Murray, A. S., Terhorst, B., Tsukamoto,
S., Frechen, M., and Sprafke, T.: Investigating the chronos-
tratigraphy of prominent palaeosols in Lower Austria us-
ing post-IR IRSL dating, E&G Quaternary Sci. J., 60, 11,
https://doi.org/10.3285/eg.60.1.10, 2011b.

Thiel, C., Terhorst, B., Jaburová, I., Buylaert, J. P., Mur-
ray, A. S., Fladerer, F. A., Damm, B., Frechen, M., and
Ottner, F.: Sedimentation and erosion processes in Mid-
dle to Late Pleistocene sequences exposed in the brickyard
of Langenlois/Lower Austria, Geomorphology, 135, 295–307,
https://doi.org/10.1016/j.geomorph.2011.02.011, 2011c.

Thiel, C., Horvaìth, E., and Frechen, M.: Revisiting the loess/-
palaeosol sequence in Paks, Hungary: A post-IR IRSL based
chronology for the “Young Loess Series”, Quatern. Int., 319, 88–
98, https://doi.org/10.1016/j.quaint.2013.05.045, 2014.

Tucci, M., Krahn, K.J., Richter, D., van Kolfschoten, T., Rodríguez
Álvarez, B., Verheijen, I., Serangeli, J., Lehmann, J., Degering,
D., Schwalb, A., and Urban, B.: Evidence for the age and timing
of environmental change associated with a Lower Palaeolithic
site within the Middle Pleistocene Reinsdorf sequence of the
Schöningen coal mine, Germany, Palaeogeogr. Palaeocl., 569,
110309, https://doi.org/10.1016/j.palaeo.2021.110309, 2021.

Vandenberghe, J.: Grain size of fine-grained windblown sediment:
A powerful proxy for process identification, Earth-Sci. Rev., 121,
18–30, https://doi.org/10.1016/j.earscirev.2013.03.001, 2013.

E&G Quaternary Sci. J., 72, 1–21, 2023 https://doi.org/10.5194/egqsj-72-1-2023

https://doi.org/10.1016/j.quaint.2010.07.012
https://doi.org/10.3285/eg.60.1.08
https://doi.org/10.3285/eg.62.1.02
https://doi.org/10.1016/j.palaeo.2017.02.022
https://doi.org/10.1016/j.aeolia.2017.09.002
https://doi.org/10.5194/egqsj-71-145-2022
https://doi.org/10.3285/eg.27.1.02
https://doi.org/10.1016/j.radmeas.2015.06.003
https://doi.org/10.25972/WUP-978-3-95826-039-9
https://doi.org/10.1016/j.quaint.2015.03.033
https://doi.org/10.1016/j.catena.2013.06.024
https://doi.org/10.1016/j.quascirev.2020.106602
https://doi.org/10.1016/j.quascirev.2020.106681
https://doi.org/10.3285/eg.63.1.01
https://doi.org/10.1016/j.quaint.2020.08.003
https://doi.org/10.3285/eg.40.1.06
https://doi.org/10.3285/eg.56.3.03
https://doi.org/10.3285/eg.62.1.01
https://doi.org/10.1016/j.palaeo.2014.10.020
https://doi.org/10.1016/j.quaint.2010.05.018
https://doi.org/10.3285/eg.60.1.10
https://doi.org/10.1016/j.geomorph.2011.02.011
https://doi.org/10.1016/j.quaint.2013.05.045
https://doi.org/10.1016/j.palaeo.2021.110309
https://doi.org/10.1016/j.earscirev.2013.03.001


L. Schwahn et al.: Middle Pleistocene loess–palaeosol sequence of Köndringen, SW Germany 21

Van Husen, D. and Reitner, J. M.: An Outline of the Quater-
nary Stratigraphy of Austria, E&G Quaternary Sci. J., 60, 24,
https://doi.org/10.3285/eg.60.2-3.09, 2011.

Viscarra Rossel, R. A., Walvoort, D. J. J., McBratney, A. B., Janik,
L.J., and Skjemstad, J. O.: Visible, near infrared, mid infrared
or combined diffuse reflectance spectroscopy for simultaneous
assessment of various soil properties, Geoderma, 131, 59–75,
https://doi.org/10.1016/j.geoderma.2005.03.007, 2006.

Weidenfeller, M. and Knipping, M.: Correlation of Pleistocene
sediments from boreholes in the Ludwigshafen area, west-
ern Heidelberg Basin, E&G Quaternary Sci. J., 57, 270–285,
https://doi.org/10.3285/eg.57.3-4.1, 2009.

Wintle, A. G. and Murray, A. S.: A review of quartz optically stim-
ulated luminescence characteristics and their relevance in single-
aliquot regeneration dating protocols, Radiat. Meas., 41, 369–
391, https://doi.org/10.1016/j.radmeas.2005.11.001, 2006.

Zander, A. and Hilgers, A.: Potential and limits of OSL, TT-OSL,
IRSL and pIRIR290 dating methods applied on a Middle Pleis-
tocene sediment record of Lake El’gygytgyn, Russia, Clim. Past,
9, 719–733, https://doi.org/10.5194/cp-9-719-2013, 2013.

Zeeden, C. and Hambach, U.: Magnetic susceptibility prop-
erties of loess from the Willendorf archaeological site:
Implications for the syn/post-depositional interpreta-
tion of magnetic fabric, Front. Earth Sci., 8, 599491,
https://doi.org/10.3389/feart.2020.599491, 2021.

Zeeden, C., Kels, H., Hambach, U., Schulte, P., Protze, J., Eck-
meier, E., Markovic, S. B., Klasen, N., and Lehmkuhl, F.:
Three climatic cycles recorded in a loess-palaeosol sequence
at Semlac (Romania) – Implications for dust accumulation
in south-eastern Europe, Quaternary Sci. Rev., 154, 130–142,
https://doi.org/10.1016/j.quascirev.2016.11.002, 2016.

Zeeden, C., Mir, J. A., Vinnepand, M., Laag, C., Rolf, C., and Dar,
R. A.: Local mineral dust transported by varying wind intensities
forms the main substrate for loess in Kashmir, E&G Quaternary
Sci. J., 70, 191–195, https://doi.org/10.5194/egqsj-70-191-2021,
2021.

Zens, J., Schulte, P., Klasen, N., Krauß, L., Pirson, S.,
Burow, C., Brill, D., Eckmeier, E., Kels, H., Zeeden, C.,
Spagna, P., and Lehmkuhl, F.: OSL chronologies of pa-
leoenvironmental dynamics recorded by loess-paleosol se-
quences from Europe: Case studies from the Rhine-Meuse area
and the Neckar Basin, Palaeogeogr. Palaeocl, 509, 105–125,
https://doi.org/10.1016/j.palaeo.2017.07.019, 2018.

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

Zhang, J. and Li, S.-H.: Review of the Post-IR IRSL Dat-
ing Protocols of K-Feldspar, Methods Protoc., 3, 7,
https://doi.org/10.3390/mps3010007, 2020.

Zöller, L., Stremme, H., and Wagner, G.A.: Thermolumineszenz-
Datierung an Löss-Paläoboden-Sequenzen von Nieder-, Mittel-
und Oberrhein/Bundesrepublik Deutschland, Chem. Geol., 73,
39–62, https://doi.org/10.1016/0168-9622(88)90020-6, 1988.

Zöller, L., Fischer, M., Jary, Z., Antoine, P., and Krawczyk,
M.: Chronostratigraphic and geomorphologic challenges of
last glacial loess in Poland in the light of new lu-
minescence ages, E&G Quaternary Sci. J., 71, 59–81,
https://doi.org/10.5194/egqsj-71-59-2022, 2022.

https://doi.org/10.5194/egqsj-72-1-2023 E&G Quaternary Sci. J., 72, 1–21, 2023

https://doi.org/10.3285/eg.60.2-3.09
https://doi.org/10.1016/j.geoderma.2005.03.007
https://doi.org/10.3285/eg.57.3-4.1
https://doi.org/10.1016/j.radmeas.2005.11.001
https://doi.org/10.5194/cp-9-719-2013
https://doi.org/10.3389/feart.2020.599491
https://doi.org/10.1016/j.quascirev.2016.11.002
https://doi.org/10.5194/egqsj-70-191-2021
https://doi.org/10.1016/j.palaeo.2017.07.019
https://doi.org/10.1016/j.quageo.2017.12.001
https://doi.org/10.3390/mps3010007
https://doi.org/10.1016/0168-9622(88)90020-6
https://doi.org/10.5194/egqsj-71-59-2022


E&G Quaternary Sci. J., 72, 23–36, 2023
https://doi.org/10.5194/egqsj-72-23-2023
© Author(s) 2023. This work is distributed under
the Creative Commons Attribution 4.0 License.

R
esearch

article

Comparison of overdeepened structures in formerly glaciated
areas of the northern Alpine foreland and northern central
Europe
Lukas Gegg and Frank Preusser
Institute of Earth and Environmental Sciences, University of Freiburg, Albertstraße 23b, 79104 Freiburg, Germany

Correspondence: Lukas Gegg (lukas.gegg@geologie.uni-freiburg.de)

Relevant dates: Received: 12 August 2022 – Revised: 6 December 2022 – Accepted: 21 December 2022 –
Published: 20 January 2023

How to cite: Gegg, L. and Preusser, F.: Comparison of overdeepened structures in formerly glaciated areas of
the northern Alpine foreland and northern central Europe, E&G Quaternary Sci. J., 72, 23–36,
https://doi.org/10.5194/egqsj-72-23-2023, 2023.

Abstract: Overdeepened structures occur in formerly and presently glaciated regions around the earth and are
usually referred to as overdeepenings or tunnel valleys. The existence of such troughs has been known
for more than a century, and they have been attributed to similar formation processes where subglacial
meltwater plays a decisive role. This comparison highlights that (foreland) overdeepenings and tunnel
valleys further occur in similar dimensions and share many characteristics such as gently sinuous
shapes in plan view, undulating long profiles with terminal adverse slopes, and varying cross-sectional
morphologies. The best explored examples of overdeepened structures are situated in and around the
European Alps and in the central European lowlands. Especially in the vicinity of the Alps, some
individual troughs are well explored, allowing for a reconstruction of their infill history, whereas only a
few detailed studies, notably such involving long drill core records, have been presented from northern
central Europe. We suggest that more such studies could significantly further our understanding of
subglacial erosion processes and the regional glaciation histories and aim to promote more intense
exchange and discussion between the respective scientific communities.

Kurzfassung: In den ehemals und gegenwärtig vergletscherten Regionen der Erde finden sich übertiefte Be-
ckenstrukturen, die üblicherweise als Übertiefungen oder Tunneltäler angesprochen werden. Die
Existenz dieser Tröge ist seit mehr als einem Jahrhundert bekannt, und sie wurden ähnlichen Erosi-
onsprozessen zugeschrieben, bei denen subglaziales Schmelzwasser eine entscheidende Rolle spielt.
Mit diesem Vergleich möchten wir zeigen, dass (Vorland-)Übertiefungen und Tunneltäler in ver-
gleichbaren Dimensionen auftreten, und eine Reihe weiterer gemeinsamer Merkmale aufweisen, zum
Beispiel sanft gewundene Längsachsen, undulierende Profile mit Gegensteigungen am distalen Ende,
und variable Formen im Querschnitt. Die bestuntersuchten Beispiele für übertiefte Becken befinden
sich im europäischen Alpenraum, und in zentraleuropäischen Tiefländern. Vor allem im Alpenraum
wurden einige übertiefte Strukturen detailliert untersucht, was eine Rekonstruktion ihrer Verfüllung
erlaubt. Im Gegensatz dazu existieren nur wenige (bohrungsbasierte) Detailstudien im nördlichen
Mitteleuropa. Wir betonen, dass solche Untersuchungen zu unserem Verständnis subglazialer Ero-
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sionsprozesse, aber auch regionaler Vergletscherungsgeschichten beitragen können, und möchten
Austausch und Diskussion unter den entsprechenden wissenschaftlichen Lagern anregen.

1 Introduction

The repeated glaciations during the Quaternary period
shaped large swathes of the earth’s surface, first, by eroding
and removing large rock masses from mountain areas and
other regions covered by ice; glacially polished bedrock sur-
faces and deep valley flanks are some of the most striking
features in this context. Second, the accumulation of rock
debris transported by ice and meltwater led to the formation
of characteristic landscape features such as moraine ridges
and gravel terraces. However, a third feature that represents
a combination of both erosive and aggradational processes
is less well known to a broader public: geological structures
deeply incised by subglacial erosion into pre-existing land-
scapes but hidden below the present land surface after being
filled up by sediment and/or occupied by large bodies of wa-
ter. First recognised within and around the European Alps as
well as below the central European lowlands, these troughs
are referred to as overdeepenings and tunnel valleys, respec-
tively.

While these structures have been known since the late 19th
century, for a long time they attracted relatively little sci-
entific attention as their investigation is costly due to the
fact that it requires the use of either deep drilling or geo-
physics – ideally a combination of both. Since the begin-
ning of the 21st century, scientific interest in glacially eroded,
and specifically overdeepened, structures increased consid-
erably, to some extent motivated by applied aspects. On the
one hand, these structures have a poorly explored potential
as groundwater sources and for geothermal energy produc-
tion. On the other hand, planning nuclear waste repositories
requires the identification of areas that will ideally not be af-
fected by deep glacial erosion in the near geological future
(i.e. the next million years), as this may challenge the intact-
ness of the disposal site.

Advances in geophysical techniques together with the in-
creased interest in glacially eroded structures have triggered
several projects into the subject during the past 2 decades
notably in the aforementioned areas in central Europe. These
can thus be regarded as the best explored regions with re-
gard to overdeepened structures and, due to their proximity,
should be subject to similar evolutionary trends over time.
However, there has been very limited exchange among the
communities working in and around the Alps and the north-
ern central European lowlands, respectively. This is in con-
trast to the common assumption that all these structures were
formed by similar erosion processes, and, hence, it should be
expected they share many similarities.

The aim of this article is to summarise and compare the
current knowledge about overdeepenings and tunnel valleys
in general but with special regard to the northern Alpine fore-
land and the wider North Sea area. This comparison is done
specifically in light of the question whether there are rele-
vant differences in the morphology and/or filling history of
these troughs or whether they are just different examples of
basically the same type of feature. We thus touch only lightly
upon the concepts of the erosion mechanisms that have been
intensively discussed by others (e.g. Alley et al., 2019; Cook
and Swift, 2012, and references therein).

2 History of recognition and state-of-the-art
research

The term “overdeepening” is attributed to Albrecht Penck,
one of the pioneers and most prominent representatives of
Alpine Quaternary geology. He used it to describe intensive
and deep-reaching glacial erosion focused in the main Alpine
trunk valleys whose valley floors lie significantly below their
off-cut tributaries (Penck and Brückner, 1909). The concept
of deep-reaching subglacial erosion had been subject to in-
tensive discussion (e.g. Heim, 1885) but was lastly confirmed
in 1908 by a tragic accident during tunnel works in central
Switzerland (Lötschberg), when blasting their way into an
infilled overdeepening ∼ 170 m below ground cost the lives
of 24 workers, as the liquefied valley infill flooded the tunnel
(Waltham, 2008). Over the following decades, boreholes and
geophysical data revealed the existence of such deep infilled
bedrock troughs below the majority of the present-day val-
leys not only in the Alps and the Alpine foreland (cf. Haeberli
et al., 2016; Preusser et al., 2010) but also in other moun-
tain regions on earth (e.g. Carrivick et al., 2016; Gao, 2011;
James et al., 2019; Magnússon et al., 2012; Smith, 2004).
First systematic compilations of these deeply incised fea-
tures were provided by Van Husen (1979) and Wildi (1984),
who noted that large sections of these troughs lie deeper
than the bedrock at the respective valley outlet. This closed
basin shape with a terminal adverse slope is today generally
regarded as defining an overdeepening (Alley et al., 2019;
Cook and Swift, 2012; Patton et al., 2016). Notably – but
not exclusively – in Switzerland, overdeepenings have since
been intensively studied based on scientific drillings (Hsü
and Kelts, 1984; Preusser et al., 2005; Schlüchter, 1989;
Schwenk et al., 2022), geophysical campaigns (Bandou et
al., 2022; Burschil et al., 2018, 2019; Finckh et al., 1984;
Nitsche et al., 2001; Reitner et al., 2010), or a combination
of both (Buechi et al., 2018; Dehnert et al., 2012; Gegg et
al., 2021; Pomper et al., 2017).
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The recognition of tunnel valleys goes similarly far back
in time, to the late 19th century, when Danish and north Ger-
man scholars identified deep subsurface troughs infilled with
Quaternary sediments or hosting lakes (cf. van der Vegt et
al., 2012). Jentzsch (1884) already hypothesised about an ori-
gin by subglacial fluvial erosion, a concept that was refined
by Ussing (1904), who attributed these troughs, characterised
by internal and terminal adverse slopes, to the action of pres-
surised subglacial meltwater. The model of Ussing (1904)
became increasingly widely accepted, and the “tunnel val-
leys” (Madsen, 1921) became a subject of increasing scien-
tific interest. Systematic regional-scale mapping and inves-
tigation started in the 1960s (e.g. Kuster and Meyer, 1979)
and was expanded to other regions such as Great Britain
(e.g. Woodland, 1970) and North America (e.g. Wright,
1973). Soon, the widespread availability of high-resolution
marine seismic data acquired for oil and gas exploration
marked a breakthrough in the recognition of tunnel valleys:
they were encountered in previously glaciated shelf areas all
around the world and could be temporally efficiently mapped
on reflection-seismic sections (Boyd et al., 1988; Destombes
et al., 1975; Kunst and Deze, 1985). Tunnel valley charac-
terisation made a second major leap forward with the es-
tablishment of 3D seismic acquisition (Praeg, 1997). Based
on these datasets, the longitudinal and transverse morphol-
ogy of individual structures can be imaged and analysed in
high detail and free from gaps (Kirkham et al., 2021; Kris-
tensen et al., 2008; Ottesen et al., 2020; Stewart et al., 2013).
Further insights derive from electromagnetic (e.g. Bosch et
al., 2009; Tezkan et al., 2009) as well as gravimetric stud-
ies (e.g. Barker and Harker, 1984; Götze et al., 2009), while
only little detailed borehole information is available (e.g. Pi-
otrowski, 1994).

3 Geological and glaciological settings

In extensively glaciated mountain ranges, such as the Eu-
ropean Alps, large overdeepenings occur in two endmem-
ber settings: in the major intermontane trunk valleys and
in the mountain forelands (Dürst Stucki and Schlunegger,
2013; Magrani et al., 2020; Preusser et al., 2010). Within
the mountain range, the bedrock is generally quite resilient
towards erosion (Kühni and Pfiffner, 2001), and glacial ero-
sion occurs preferentially along zones of weakness such as
faults (Dürst Stucki and Schlunegger, 2013). This is a self-
promoting process: with ongoing downcutting, drainage of
water and ice along the deepening valley becomes increas-
ingly efficient, and erosion is further focused on the valley
floor, the result being a spatially stable, deeply incised valley,
where ice flows comparatively rapidly and under strong lat-
eral confinement (Egholm et al., 2012; Herman et al., 2011;
Ugelvig et al., 2016). Glacial erosion sensu stricto, i.e. quar-
rying and abrasion, probably plays an important role in this
setting, aided by subglacial meltwater stripping debris off the

glacier base (Alley et al., 2019). It culminates in the forma-
tion of overdeepenings, for example at confluences or val-
ley constrictions where ice flow is accelerated (Cook and
Swift, 2012; Dürst Stucki and Schlunegger, 2013; Herman
et al., 2015; Preusser et al., 2010).

Foreland overdeepenings, in contrast, develop beneath the
piedmont tongues of valley glaciers. There, although its
large-scale pattern is defined by the locations of mountain
valley outlets, the ice flow is topographically much less con-
strained and potentially diffluent and the ice thickness is sig-
nificantly smaller (Bini et al., 2009), and as a result, glacial
erosion sensu stricto should be rather limited. However, with
increasing catchment area, basal water availability also in-
creases towards the glacier termini. This subglacial water,
pressurised by the englacial water column, is regarded as a
driver of overdeepening erosion in the foreland setting (Al-
ley et al., 1997; Dürst Stucki et al., 2010; Dürst Stucki and
Schlunegger, 2013; Gegg et al., 2021), where the bedrock
commonly consists of poorly consolidated Molasse-type sed-
iments (Kühni and Pfiffner, 2001). As these deposits are gen-
erally readily eroded, the occurrence of faults does not ap-
pear to play a significant role facilitating their erosion (Dürst
Stucki and Schlunegger, 2013; Gegg et al., 2021). With the
effect of structural preconditioning being low and ice flow
being largely unconfined, the focusing of subglacial erosion
may shift over time, evidenced for example by branching and
off-cutting overdeepened troughs (Buechi et al., 2018; Ell-
wanger et al., 2011).

The primary erosive agent of tunnel valleys is, by defi-
nition, inferred to be basal meltwater (Cofaigh, 1996; Ke-
hew et al., 2012; van der Vegt et al., 2012) at the margins
of continental-scale ice sheets, where topographical confine-
ment of ice flow is significantly lower than within mountain
ranges (Schoof and Hewitt, 2013). Still, discharge at ice sheet
margins is concentrated along ice streams, corridors of en-
hanced ice flow (Margold et al., 2015; Rignot et al., 2011)
that develop where basal meltwater abundance is high and fa-
cilitates tunnel valley incision (Jennings, 2006; Lelandais et
al., 2018). Further, where tunnel valleys occur near highland
areas, some lie distinctly in extension of fjord valleys that di-
rect the larger-scale flow pattern of ice and water (e.g. Brad-
well et al., 2008; Kearsey et al., 2019). Large tunnel val-
leys occur predominantly within rather soft sedimentary sub-
strata, while troughs in more resistant lithologies tend to be
smaller and narrower (Janszen et al., 2012; Jørgensen and
Sandersen, 2006). In resilient crystalline bedrock, tunnel val-
leys are typically lacking but are replaced by large-scale es-
ker systems that are interpreted to reflect meltwater streams
cut into the basal ice instead of the substratum (Boulton et
al., 2009; Clark and Walder, 1994).
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Figure 1. Foreland overdeepenings in central northern Switzer-
land highlighted as areas of increased Quaternary sediment thick-
ness. Data from Pietsch and Jordan (2014), Gegg et al. (2021), and
references therein. Black boxes highlight study areas mentioned
in the text: (a) Lower Aare Valley (Gegg et al., 2021), (b) Bir-
rfeld (Graf, 2009; Nitsche et al., 2001), (c) Lake Zurich (Lister,
1984a, b), (d) Richterswil (Wyssling, 2002), (e) Wehntal (Ansel-
metti et al., 2010; Dehnert et al., 2012), (f) Lower Glatt Valley
(Buechi et al., 2018), and (g) Uster (Wyssling and Wyssling, 1978).

4 Morphological comparisons

4.1 Large-scale morphologies

Foreland overdeepenings are up to 15 km wide and 850 m
deep bedrock incisions that reach lengths of > 100 km
(James et al., 2019; Magrani et al., 2020; Smith, 2004).
They have been described as slightly sinuous troughs that
may be arranged in seemingly anastomosing patterns (Fig. 1;
Dürst Stucki and Schlunegger, 2013; Preusser et al., 2010).
While some troughs have been re-excavated by multiple
phases of ice advance (e.g. Birrfeld overdeepening; Nitsche
et al., 2001; Lower Glatt Valley overdeepening; Buechi et
al., 2018), the focus of overdeepening has in other areas
laterally shifted over the course of several glaciations and
produced subparallel (e.g. Reuss Valley; Jordan, 2010) or
radially diverting branch basins (e.g. Lake Constance area;
Ellwanger et al., 2011). The spacing between individual
troughs is 5–20 km (Cummings et al., 2012; see also Jor-
dan, 2010), and their sinuosities are around 1.05–1.10 (Gegg
et al., 2021). In the longitudinal section, foreland overdeep-
enings often consist of several distinct sub-basins separated
by abrupt bedrock swells and terminating with mostly gentle
(∼ 1–2◦) adverse slopes (Jordan, 2010; Magrani et al., 2020;
Preusser et al., 2010). While typically shifted upstream in
intra-mountain overdeepenings, the deepest points in most
foreland overdeepenings lie roughly at their central position
(Magrani et al., 2020).

Tunnel valleys have maximum widths of ∼ 12 km and
maximum depths of ∼ 500 m and can be over 150 km long
(Cameron et al., 1987; Lutz et al., 2009; Praeg, 1997; Stew-
art et al., 2013). In plan view, they have straight to slightly
sinuous courses and can occur in swarms or in pseudo-
anastomosing (i.e. different branches of seemingly individ-
ual valleys belong to different generations of valley forma-
tion; Fig. 2; Jørgensen and Sandersen, 2006; Kristensen et
al., 2008), radiating or tributary networks (Cofaigh, 1996;
Kehew et al., 2012; van der Vegt et al., 2012). The lateral
spacing between individual structures typically ranges be-
tween 5 (Livingstone and Clark, 2016) and 20–30 km (Ke-
hew et al., 2012; van der Vegt et al., 2012), while Lutz et
al. (2009) specifically note that tunnel valleys are not uni-
formly distributed and may in some areas be lacking en-
tirely. According to data by Streuff et al. (2022), typical tun-
nel valley sinuosities are around 1.05. Tunnel valleys char-
acteristically start and terminate abruptly (with terminal ad-
verse slope angles in some cases exceeding 10◦; Kristensen
et al., 2008) and have undulating long courses comprising
sub-basins as well as steep thresholds (Cofaigh, 1996; Kris-
tensen et al., 2008; Lutz et al., 2009). The deepest points
along the thalweg frequently lie far downstream from the val-
ley centre (Jørgensen and Sandersen, 2006).

Based on datasets by Magrani et al. (2020) and Kristensen
et al. (2008), Swiss foreland overdeepenings tend on average
to be shorter, shallower, and narrower than Danish tunnel val-
leys, although only the difference in depth is statistically sig-
nificant (unequal-variance t tests; Fig. 3). It should be noted,
however, that the dataset by Kristensen et al. (2008) refers
only to a restricted area and that other studies in the North
Sea found tunnel valleys that generally tend to be shallower
(Andersen et al., 2012) and narrower (Jørgensen and Sander-
sen, 2006; Stewart et al., 2013). The overall size of tunnel
valleys as well as their form ratio appears to be influenced
mainly by the erosional resistance of the substratum, whereas
the valley width has been linked rather to glaciological pa-
rameters (e.g. ice thickness; van der Vegt et al., 2012). The
maximum size of foreland overdeepenings on the other hand
is clearly limited by the spatial extent of the respective pied-
mont glaciers, which were considerably smaller for example
in front of the Eastern or Southern Alps (or in other moun-
tain ranges) than in northern Switzerland (e.g. Preusser et
al., 2010). Still, the comparison shows that, although the cor-
responding ice masses differ vastly in size, the dimensions of
tunnel valleys and foreland overdeepenings are not necessar-
ily greatly different.

4.2 Detailed cross-sectional morphologies

Cross-sections of foreland overdeepenings are frequently
asymmetric and tend towards a U shape, but especially in
more resistant bedrock lithologies, steep-angled (up to 60◦)
V-shaped valleys have been observed (Fig. 4; Dürst Stucki
and Schlunegger, 2013; Jordan, 2010; Preusser et al., 2010),
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Figure 2. Buried tunnel valleys in northern Germany. Red lines mark, from NE to SW, the ice extents of the Weichselian, Saalian, and
Elsterian main glacial stages. Base map (Stackebrandt et al., 2001) courtesy of the Geological Survey of Brandenburg (Landesamt für
Bergbau, Geologie und Rohstoffe; LBGR), Germany (https://lbgr.brandenburg.de/lbgr/de/, last access: 5 November 2022), © LBGR 2001.

Figure 3. Comparison of lengths, depths, widths, and form ratios of Swiss foreland overdeepenings and North Sea tunnel valleys.

and both morphologies may occur within a single overdeep-
ening (Gegg et al., 2021). Recent highly resolved geophysi-
cal studies have further revealed irregular and stepped flanks.
The same morphologies are also encountered in tunnel val-
leys (Fig. 4). In a dataset comprising > 900 Danish tunnel
valleys, Andersen et al. (2012) identified ∼ 65 % of mainly
U-shaped or flat-bottomed and ∼ 35 % of V-shaped struc-
tures. Flank slopes vary between < 5◦ and > 55◦ (Cofaigh,
1996; Huuse and Lykke-Andersen, 2000), and van der Vegt
et al. (2012) mention examples of overhanging valley flanks.
Individual valleys exhibit downstream transitions in a cross-
section, for example, from a V to a U shape (Giglio et
al., 2022). In both cases, overdeepenings and tunnel val-
leys, U-shaped morphologies with flat valley bottoms may
be linked to lithological boundaries in the substratum (Gegg
et al., 2021; Janszen et al., 2012) but occur also where the
bedrock is seemingly rather homogeneous (e.g. Fig. 4a, d)

5 Post-erosional history

Concrete information regarding the sedimentary fill of
overdeepened structures is rather limited and is often derived
from commercial or geotechnical drillings. Under such cir-
cumstances, typically no explicit sedimentological descrip-
tions or even further reaching analyses (e.g. pollen anal-
yses, dating) have been carried out. As a result, for the
time being, detailed knowledge about the infilling history of
overdeepenings is limited to a few case studies. As stated
previously, a majority of detailed studies stem from central
Europe. This applies especially to the Alpine realm, while
fewer well-documented drillings exist for the North Sea re-
gion. There, the reconstruction of the sedimentary filling is
hence often based on the interpretation of 2D or 3D seis-
mic data that are frequently available from hydrocarbon ex-
ploration. We would like to highlight that although we fo-
cus on examples from central Europe, a variety of similar
case studies on overdeepened structures in other areas exist,
e.g. Iceland (Andrews et al., 2000; Gregory, 2012; Quillmann
et al., 2010), North America (Atkinson et al., 2013; Smith,
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Figure 4. Comparison of overdeepening (a–c) and tunnel valley (d–f) cross-sections. x axis: horizontal distance, y axis: depth (a–c)/two-way
travel time (d–f). VE: vertical exaggeration (dotted lines plot the respective cross-sections without vertical exaggeration). (a) Basadingen
trough, northern Switzerland (after Anselmetti et al., 2022; Brandt, 2020); (b) Tannwald basin, southern Germany (after Burschil et al., 2018);
(c) Gebenstorf-Stilli Trough, northern Switzerland (after Gegg et al., 2021); (d) offshore tunnel valley, southern North Sea (after Benvenuti
and Moscariello, 2016); (e) offshore tunnel valley, central North Sea (after Kirkham et al., 2021); (f) offshore tunnel valley, southeastern
North Sea (after Lohrberg et al., 2020). Note frequently occurring stepped valley flanks.

2004; Russell et al., 2003), Patagonia (Bertrand et al., 2017;
Boyd et al., 2008; Moernaut et al., 2009), and even regions
glaciated during the Palaeozoic (Clerc et al., 2013; Vesely et
al., 2021).

5.1 Examples from the northern Alpine foreland

A number of well-studied profiles exist in the greater Bern
area/Aare Valley, Switzerland (cf. Schlüchter, 1979). The se-
quence of Thalgut shows a complex deposition and erosion
history and is considered one of the most complete Quater-
nary sequences of the northern Alpine foreland (Schlüchter,
1989). The bottom part of the sequence is composed of lake
deposits with pollen spectra typical of the Holsteinian Inter-
glacial (Welten, 1982, 1988), usually attributed to Marine
Isotope Stage (MIS) 11 (424–374 ka; cf. Cohen and Gib-
bard, 2019). Hence, the formation (or re-excavation) of the
overdeepening likely occurred during MIS 12 (478–424 ka).
Close to the city of Bern, the Rehhag scientific drilling tar-
geted a tributary overdeepening feeding into the central Aare
Valley and recovered a diverse, 240 m thick Quaternary suc-
cession (Schwenk et al., 2022). It is subdivided into two basin
fill sequences of glacial and (glacio-)lacustrine deposits, the
upper being attributed to MIS 8–7 (300–191 ka). Just north
of Bern, the core of Meikirch starts with till, followed by a
70 m succession of lacustrine sediments comprising a com-
plex vegetation history with three pronounced warm phases
(Welten, 1982; Preusser et al., 2005). Based on lumines-
cence dating, this part of the sequence was assigned to MIS 7
(243–191 ka; Preusser et al., 2005). Above the lake deposits,
two successions from glaciofluvial to glacial deposits are
recorded. In the overdeepened lowermost Aare Valley, at the
confluence with Reuss and Limmat, the sediment filling is
dominated by lacustrine sand overlying a thin layer of coarse-
grained debris at the trough base (Gegg et al., 2021, and ref-
erences therein). Towards the distal part of the trough, the

glaciolacustrine sand interfingers with deltaic gravel. This
rather unusual infill pattern is most likely related to the lo-
cal confluence situation as well as the overdeepening’s nar-
row cross-section combined with large discharge of meltwa-
ter (see also Gegg et al., 2020). The Birrfeld basin in the
lower Reuss Valley contains a multiphase infill that has been
attributed to up to five different ice advances (Graf, 2009;
Nitsche et al., 2001).

At a water depth of 180 m, a drilling in Lake Zurich recov-
ered a thick succession of Late Pleistocene sediments start-
ing with coarse-grained debris interpreted as till and sub-
glacial outwash (Lister, 1984a, b). This debris is overlain
by > 100 m of diamictic glaciolacustrine muds that repeat-
edly show traces of glaciotectonic deformation. They tran-
sition into laminated, presumably varved, basin fines and
are followed by ∼ 30 m of postglacial lake deposits. The
complex filling of the Richterswil trough, west of Lake
Zurich, indicates deposition possibly related to three indi-
vidual glaciations, but this evidence lacks detailed sedimen-
tological and further analyses (Wyssling, 2002; Preusser et
al., 2010; Fig. 5).

Several cores taken from the Wehntal trough (Nieder-
weningen) show that the infill starts with glacial deposits fol-
lowed by lake sediments, first containing dropstones (Ansel-
metti et al., 2010; Dehnert et al., 2012). Increased shear
strength in the lacustrine deposits implies a second glacial
advance, grounding in the lake, followed by a final lake
and subsequent bog stage. According to luminescence dat-
ing, the carving of the basin occurred during early MIS 6
(around 185 ka), whereas the second ice advance is assigned
to ca. 140 ka.

In the Lower Glatt Valley, Buechi et al. (2018) distin-
guished up to nine separate depositional sequences within
the infills of the Kloten Trough and its branch basins, three
of which represent episodes of overdeepened basin fill. These
are characterised by successions of tills and gravel fining up-
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Figure 5. Examples of borehole-constrained sedimentary infills of a central Swiss foreland overdeepening (a: Richterswil trough; after
Wyssling, 2002, in Preusser et al., 2011) and a northern German tunnel valley (b: Bornhöved tunnel valley; after Piotrowski, 1994). VE: ver-
tical exaggeration.

wards into glaciodeltaic to glaciolacustrine deposits, the old-
est dating back to at least MIS 8 (300–243 ka). In the middle
part of the Glatt Valley, the > 200 m deep trough of Uster is
filled by till and partially covered by ice decay and meltwater
deposits, followed by laminated lake sediments with a thick-
ness of 100–150 m that are interpreted to represent varved
late-glacial deposits (Wyssling and Wyssling, 1978; Preusser
et al., 2011). The infill of the trough is covered by the de-
posits of one or possibly two later glacial advances.

In the Lake Constance area, Ellwanger et al. (2011) dis-
tinguish three major generations of overdeepenings, with the
drilling in the Tannwald basin being the best documented for
the time being (LGRB, 2015; Burschil et al., 2018; Ansel-
metti et al., 2022). This basin belongs to the oldest gener-
ation recognised so far. The sequence starts with sheared
allochthonous bedrock slabs on top of the bedrock con-
tact (Upper Marine Molasse), followed by gravel with mo-
lasse components and diamictic fines. The subsequent fine-

grained lacustrine deposits are correlated with a nearby se-
quence that contains pollen assemblages assigned to the Hol-
steinian (Ellwanger et al., 2011; Hahne et al., 2012). The up-
per part of the Tannwald core comprises evidence for fur-
ther glacial advances. In Lake Constance itself, as revealed
by seismic surveys, up to 150 m of sediment has accumu-
lated, the uppermost 24 m of which was recovered by a recent
drilling campaign (Schaller et al., 2022). It consists of 12 m
of coarse lacustrine sands of the late-glacial period, overlain
by Holocene basin fines.

The basin of Wolfratshausen in Bavaria reveals multiple
basal tills and lacustrine fines, evidence for a complex ero-
sion and infill history attributed to three individual glacia-
tions (Jerz, 1979). Fiebig et al. (2014) report a core taken in
the Salzach basin containing ∼ 90 m of lacustrine deposits,
sand and fines, on top of an Alpine till. Luminescence dating
of the lake deposits indicates that the initial formation and
filling of the overdeepened trough date to more than 220 ka.

https://doi.org/10.5194/egqsj-72-23-2023 E&G Quaternary Sci. J., 72, 23–36, 2023



30 L. Gegg and F. Preusser: Comparison of overdeepened structures

5.2 Examples from northern central Europe

While tunnel valleys have also been described from the
British Isles (e.g. Eyles and McCabe, 1989; Coughlan et
al., 2020) as well as Poland (e.g. Salamon and Mendecki,
2021), we are here concentrating on the southern North Sea
region including the bordering mainland (Denmark, northern
Germany, the Netherlands).

For the Bornhöved tunnel valley, Piotrowski (1994) recon-
structed a polygenetic evolution based on borehole evidence
(Fig. 5). This trough, situated in a peripheral sink between
two Permian salt diapirs, was presumably eroded during the
Elsterian Glaciation (MIS 12, 478–424 ka) and was filled by
fine-grained glaciolacustrine sediments during ice retreat and
marine sediments during the Holsteinian Interglacial. These
sediments were reworked and redeposited in the shape of a
200 m thick glaciotectonic melange by the first Saalian ad-
vance (MIS 10?, 374–337 ka). While the second Saalian ad-
vance had little impact, the tunnel valley was reactivated as
a subglacial channel during the last, Weichselian, glaciation.
In Vendsyssel, northern Denmark, tunnel valleys attributed
to the main Weichselian advance (ca. 23–21 ka) are infilled
by glaciolacustrine sand and fines (Sandersen et al., 2009).
This implies that these tunnel valleys not only have formed
rapidly but were also infilled in a few hundred years, or less,
before the late-glacial marine inundation (ca. 18 ka).

In the North Sea basin, over 2200 tunnel valleys attributed
to up to seven generations were identified using 3D seis-
mic and magnetic data (Stewart and Lonergan, 2011; Otte-
sen et al., 2020). It appears that each of the seven genera-
tions of tunnel valleys, attributed mostly to the Middle Pleis-
tocene, has been excavated and infilled during a separate cy-
cle of ice-sheet advance and retreat (as already suggested
by others, e.g. Kristensen et al., 2008), partially reaching
into the following interglacial (e.g. Hepp et al., 2012; Jan-
szen et al., 2013; Lang et al., 2015; Steinmetz et al., 2015).
Moreau and Huuse (2014) interpret the infill process of tun-
nel valleys off the shore of the Netherlands to be separate
from the incision. Rather than filled by subglacial deposits,
Moreau and Huuse (2014) expect the infill sediments were
supplied from the southeast by the Rhine–Meuse systems
which consistently flowed towards the North Sea basin dur-
ing glacial periods. This view has been challenged by Ben-
venuti et al. (2018) who inferred from provenance analysis
that the infill of a large Elsterian tunnel valley consists mainly
of reworked glacially derived sediment. This is in line with
observations by Kirkham et al. (2021) demonstrating that
over 40 % of the examined tunnel valleys in the North Sea
between Scotland and Norway contain buried glacial land-
forms such as eskers, crevasse-squeeze ridges, glaciotectonic
structures, and kettle holes. Hence, grounded ice must have
played an active role not only in the incision but also in the
(onsetting) infilling.

5.3 Synthesis

Fillings of overdeepenings in the northern Alpine foreland
are clearly dominated by glacial and proglacial deposits.
The typical sedimentary succession starts with glacigenic
diamicts that are frequently referred to as tills. However,
only a few studies (e.g. Buechi et al., 2017) investigated
these deposits in sufficient detail to clearly identify them
as subglacial ice-contact deposits (cf. Evans, 2007, and ref-
erences therein), and thus their palaeo-glaciological signif-
icance is often not clear. These diamicts are overlain by
extensive glaciolacustrine deposits, sands or fines, that at
their base frequently contain dropstones. In some basins,
several such infill cycles are recorded. Interglacial sedi-
ments are in most cases lacking or occur only near the
ground surface, known exceptions being the successions of
Thalgut, Meikirch, Uster, and Richterswil. This suggests that
overdeepened troughs are in most cases infilled and silted
up under still periglacial conditions, i.e. in a brief time in-
terval (cf. Van Husen, 1979; Pomper et al., 2017). In con-
trast, overdeepenings incised during the last glaciation host a
number of large and deep contemporaneous, i.e. interglacial,
lakes that have not yet been infilled completely (Fig. 6).
Whether this is due to exceptionally large basin sizes, com-
paratively small sediment influxes, or other geological or cli-
matic factors is difficult to assess.

The sediment filling of tunnel valleys and the related de-
positional processes in northern central Europe are less con-
strained and remain more poorly understood, although it
appears that interglacial sediments are more frequently ob-
served than in the Alpine realm. This could imply a longer
“lifetime” of tunnel valleys before being entirely infilled.
However, potential tunnel valleys of the last glaciation are
completely infilled (e.g. Sandersen et al., 2009) or at least in-
filled to an extent that does not allow the formation of deep
lakes anymore. While some large lakes also exist in the for-
merly glaciated areas of northern Germany and neighbouring
countries, they are significantly shallower than their Alpine
counterparts (Fig. 6); do not exhibit the typical elongated
plan view trough morphology; and might not be products of
overdeepening erosion at all but rather, for example, ice de-
cay structures.

6 Conclusions

Foreland overdeepenings and tunnel valleys are connected
to two very different types of ice masses but occur in gen-
erally similar palaeo-glaciological and topographic settings.
They are formed at the termini of large ice bodies, where ice
flow is little constrained, but the abundance of meltwater as
well as the ice surface slope, and thus the subglacial pressure
gradient towards the margin, are comparatively high. It is
this pressurised meltwater that the incision of the spectacular
subglacial landforms is mainly attributed to. Both foreland
overdeepenings and tunnel valleys share the same morpho-
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Figure 6. Comparison of mean (black) and maximum (red) depths
of large contemporaneous lakes in formerly glaciated areas in the
northern Alpine foreland and northern central Europe (Switzerland,
CH: BAFU, 2016; Germany, D: Nixdorf et al., 2004; Austria, A:
Beiwl and Mühlmann, 2008; Denmark, DK: 1Riemann and Hoff-
mann, 1991; Poland, PL: 2Czerniejewski et al., 2004; 3Robbins and
Jasinski, 1995).

logical characteristics, including anastomosing courses, un-
dulating longitudinal profiles with swells and adverse slopes,
and a variety of different cross-sectional shapes. And, per-
haps surprisingly, the absolute dimensions of both groups of
troughs also appear not to be significantly different from each
other.

However, a review of individual troughs and their fillings
in central Europe, where these structures have the longest
history of recognition and exploration, reveals some notable
disparities. In the northern Alpine foreland, multiple well-
studied cores exist that allow the characterisation of a typi-
cal overdeepening-fill succession in the shape of glacigenic
diamicts overlain by glaciolacustrine deposits. In contrast,
the infills of tunnel valleys and the related processes have
received only little attention and remain rather poorly un-
derstood. Further, while the Middle Pleistocene sedimentary

record would imply that foreland overdeepenings are more
quickly infilled and silted up than tunnel valleys (i.e. typi-
cally before interglacial conditions ensue), the characteristics
of present-day lakes suggest that the exact opposite has been
the case following the last glaciation.

Detailed borehole records are an important tool to better
characterise the formation and infilling process of overdeep-
enings and tunnel valleys (e.g. by process-oriented investi-
gations of the basal “tills”). This is the central objective of
the current International Scientific Continental Drilling Pro-
gram project Drilling Overdeepened Alpine Valleys (DOVE;
Anselmetti et al., 2022). Similar drilling projects targeting
tunnel valleys are in dire need in order to better under-
stand the overdeepening erosion and glaciation history of
northern central Europe. We would like to stress that ongo-
ing and future work of the respective scientific communities
may be significantly facilitated and improved by more inten-
sive exchange and discussion, as stimulated for example by
the “Subglaziale Rinnen” workshop. The relevance of this
exchange is highlighted by the socio-economic aspects of
overdeepenings and tunnel valleys, especially in the context
of radioactive waste disposal.
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Abstract: The sites of Hawelti–Melazo in the Tigray region of the northern Ethiopian Highlands is an archae-
ological hotspot related to the D’mt kingdom (ca. 800–400 BCE). The existence of several monu-
mental buildings, which have been excavated since the 1950s, underline the importance of this area
in the Ethio-Sabaean period. We investigated the geomorphological and geological characteristics of
the site and its surroundings and carried out sedimentological analyses, as well as direct (lumines-
cence) and indirect (radiocarbon) sediment dating, to reconstruct the palaeoenvironmental conditions,
which we integrated into the wider context of Tigray. Luminescence dating of feldspar grains from
the May Agazin catchment indicate enhanced fluvial activity in the late Pleistocene, likely connected
to the re-occurring monsoon after the Last Glacial Maximum (LGM). The abundance of trap basalt on
the Melazo plateau, which provides the basis for the development of fertile soils, and the presumably
higher groundwater level during the Ethio-Sabaean Period, provided favourable settlement conditions.
The peninsula-like shape of the Melazo plateau was easily accessible only from the east and north-
east, while relatively steep scarps enclose the other edges of the plateau. This adds a possible natural
protective function to this site.

Kurzfassung: Die Stätte Hawelti–Melazo in Tigray im nördlichen Hochland von Äthiopien ist ein archäologischer
hotspot, der im Zusammenhang mit dem Königreich D’mt steht (ca. 800–400 BCE). Seit den 1950er
Jahren wurden dort mehrere Monumentalbauten entdeckt, die die Stellung dieses Gebiets zu äthio-
sabäischer Zeit unterstreichen. Wir haben die geomorphologischen und geologischen Eigenschaften
des Gebiets untersucht, sedimentologische Analysen durchgeführt sowie direkte (Lumineszenz) und
indirekte (Radiokohlenstoff) Sedimentdatierungsmethoden angewandt, um die Paläoumweltbedin-
gungen zu rekonstruieren, die wir im weiteren Kontext von Tigray einordnen. Lumineszenzdatierun-
gen an Feldspat-Körnern aus dem Einzugsgebiet des May Agazin deuten auf eine gesteigerte fluviale
Aktivität im Spätpleistozän hin, die möglicherweise mit dem wiedereinsetzenden Monsun nach dem
LGM in Verbindung steht. Der Trapp-Basalt des Melazo-Plateaus, der die Basis für die Bodenen-
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twicklung bildet, und die wahrscheinlich höheren Grundwasserstände zur äthio-sabäischen Zeit boten
gute Siedlungsbedingungen. Durch die halbinselartige Form des Melazo-Plateaus war es nur vom Os-
ten und Nordosten einfach zugänglich, während die anderen Seiten des Plateaus durch steile Hänge
begrenzt werden. Dies gab der Stätte eine zusätzliche natürliche Schutzfunktion.

1 Introduction

Located at the Horn of Africa, the northern highlands of
Ethiopia are a region with a diverse and complex geologi-
cal and archaeological history. The basaltic plateaus and the
moderate subtropical climate with annual precipitation ex-
ceeding 600 mm at elevations around 2000 m a.s.l. (above sea
level) provide the framework for the development of fertile
soils and favourable living conditions not only throughout the
Holocene. The abundance of natural resources, such as gold,
obsidian, gums, incense, and more, led to the integration of
this region in the ancient trade network between the Mediter-
ranean and the Indian Ocean (Fattovich, 2012). In terms of
archaeology, the area is probably best known for the King-
dom of Aksum (starting in the early first millennium CE),
a state polity with the city of Aksum as its centre (French
et al., 2009; Harrower et al., 2019). Prior to the Aksumite
Period, the archaeological records show that groups related
to the foreign Saba kingdom arrived during the first millen-
nium BCE from the Arabian Peninsula (Japp et al., 2011;
Fattovich, 2012, 2010). The most prominent remnants of this
Ethio-Sabaean culture (ca. 800–400 BCE) in the present-day
state of Tigray are several monumental buildings in the South
Arabian style in Yeha, Wuqro, and Hawelti–Melazo, which
give evidence for a complex hierarchical society and polity,
which is named “D’mt” in literature (Fattovich, 2012). All of
them are still being investigated or are still being excavated
(Japp et al., 2011). D’mt disappears from the archaeological
records at ca. 400 BCE, around the time of the decline of the
Saba kingdom. The area did soon after witness the rise of
the aforementioned, millennium-lasting Kingdom of Aksum
(Fattovich, 2010).

Several studies investigated palaeoenvironmental changes
and geomorphic activity phases in the northern Ethiopian
Highlands (Tigray) and provided data to compare them to
cultural epochs or relatively recent political upheavals in the
region (Lanckriet et al., 2015; Nyssen et al., 2014, 2004,
2006b; Machado et al., 1998; Pietsch and Machado, 2014).

Here, we focus on the Daragá region of Tigray, which in-
cludes the archaeological sites of Hawelti–Melazo (de Con-
tenson, 1961, 1963; Leclant, 1959) and lies within the
basaltic Highlands (ca. 2000 m a.s.l.) about 10 km southeast
of Aksum. Hawelti–Melazo are important Ethio-Sabaean and
Aksumite find places (Menn, 2020). However, their direct
surroundings have so far not been in the scope of palaeoen-
vironmental research. The aim of this study is to understand
the late Pleistocene–Holocene environmental conditions of

the area, which provided the base for the Ethio-Sabaean and
the subsequent Aksumite occupations, using sedimentologi-
cal analyses, luminescence and radiocarbon sediment dating
methods, micromorphological analyses, and geomorpholog-
ical mapping.

2 Study area

2.1 Archaeological overview

About 10 km southeast of Aksum, the archaeological sites
of Hawelti–Melazo are to be found. In simplified terms, the
most relevant sites are the hill of Hawelti and the so-called
“plateaus” – most importantly Melazo – on the eastern banks
of the river May Agazin, about 1.5 km southeast of Hawelti
(Fig. 1).

The area first came into scientific consideration in the mid-
1950s when a local farmer had accidentally discovered sev-
eral (Ethio-Sabaean) finds at Goboshila (Melazo). This in
turn led to the first excavations in Melazo, bringing to light
a temple dedicated to the Sabaean god Almaqah (Leclant,
1959). Excavations continued in 1958 and 1959. On the
Melazo plateau (specifically Inda Cherqos), two consecutive
churches on top of each other were found, dating to Aksum-
ite and probably medieval times – the older one incorporating
spolia of Ethio-Sabaean heritage (de Contenson, 1961). Also,
the stelae field on the hill of Hawelti was excavated reveal-
ing about 20 stelae, 2 buildings (“temples”), and some 500
finds (de Contenson, 1963). With regard to their dating, the
results have to be considered as inconclusive since some of
the features and finds are most probably from Ethio-Sabaean
times (e.g. the stelae themselves), while others could be later
additions. Furthermore, the interpretation of the stelae field’s
function remains uncertain.

Apart from minor surveys, no further investigations took
place in Hawelti–Melazo until the still-ongoing Ethiopian–
German cooperation project “Yeha and Hawelti–Melazo”
took up work in 2009. Since then, the project has so far de-
livered one further major excavation site, as well as some 70
more find locations (Japp et al., 2011; Menn, 2020). Mostly,
these sites and find locations point to Aksumite and Ethio-
Sabaean heritage (Gerlach, 2018). While the former seem to
be scattered all over the area, the latter appear to be con-
centrated on the hill of Hawelti and primarily the plateau
of Melazo where also the excavation site is located about
60 m east of the church of Inda Cherqos. Here, a monumen-
tal building could be identified. With the construction method
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Figure 1. Geological and geomorphological map of the study area, modified from Tadesse (1999) and Hagos et al. (2010). “Melazo arch.
site” refers to the location of current excavations. Several other archaeological sites were reported on the Melazo plateau to the south of the
current site. Upper inset map shows the position in Ethiopia. Lower inset map shows the position in northern Ethiopia/Tigray.

similar to Yeha’s Grat Be’al Gebri (Japp et al., 2011), finds
corresponding to those in Yeha, and radiocarbon dating re-
sults pointing to the first half of the first millennium BCE, it
can be concluded that it is of Ethio-Sabaean origin (Menn,
2020). However, several isolated finds identified during the
extensive surveys also indicate the presence and possibly the
settlement of people from the lithic period through to the
present. Thus, the Hawelti–Melazo area has to be regarded
as an archaeological hotspot.

2.2 Climate and palaeoenvironment

The study area lies in the warm and temperate subtropical
highland climate zone (Cwb after Köppen–Geiger classifi-
cation). Rainfall is mostly of monsoonal type showing a bi-
modal annual rainfall distribution with short rains (belg in
Amharic) in March and long rains (krempt in Amharic) in
June–August and a total annual precipitation of 600–700 mm
(Harrower et al., 2020).

Information on late Pleistocene palaeoenvironmental con-
ditions of the northern Ethiopian Highlands is sparse. Ac-
cording to Lamb et al. (2007b), Lake Tana was desiccated
during the Last Glacial Maximum (LGM) due to drought

caused by reduced monsoon strength (Lamb et al., 2018).
A similar effect – although in a completely different envi-
ronmental context – is also known for lakes in the now cen-
tral Sahara (Hoelzmann et al., 2007; Umer et al., 2004). The
basin of Lake Tana started to fill again at around 15 ka. In
the same sense, Moeyersons et al. (2006) report increasing
humidity from ca. 15 ka onwards based on numerical dat-
ing of tufa dams near Mekele (Tigray), which indicate a
raised groundwater table during the late Pleistocene. Wet-
ter conditions than today prevailed from ca. 15 ka until the
mid-Holocene (ca. 5 ka; Armitage et al., 2015), owing to or-
bitally forced increased monsoon strength (Umer et al., 2004;
Williams et al., 2006).

Climatic reconstructions for the area based on palaeope-
dological findings indicate that precipitation rates might
have decreased in the course of the Holocene, which is
in agreement with the declining monsoon strength after
5 ka (Armitage et al., 2015). Based on samples obtained
close to Yeha, palaeoprecipitation rates of 870 mm a−1

were determined for the Early Holocene, which decreased
to 780 mm a−1 in the first millennium BCE (Pietsch and
Machado, 2014). This general trend corresponds to the find-
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ings of Dramis et al. (2003), who parallelized stratigraphic
sequences in Tigray with lake level records in the Rift Val-
ley.

Machado et al. (1998) describe three “wetter” phases dur-
ing the last 4000 years with enhanced soil formation, cor-
responding to so-called stability phases (∼ 2000–1500 BCE,
500 BCE–500 CE, 950–1000 CE), and two “drier” phases,
which are represented by an increase in fluvial debris
transport (1500–500 BCE, 1500–1000 CE). Lanckriet et
al. (2015) compare these phases of varying morphodynam-
ics to palaeoenvironmental studies from Lake Hayk (Lamb et
al., 2007a) and Lake Ashenge (Marshall et al., 2009), as well
as results from their own study site at May Tsimble (east of
Mekele). This comparison confirms the general morphody-
namic trends but also emphasizes several additional phases
of higher and lower geomorphic activity, triggered by either
climatic changes or human impact (Lanckriet et al., 2015).
Human impact on the landscape in the form of land use
and land cover changes comprises repeated phases of vegeta-
tion removal and intensified agriculture or livestock grazing,
which have been proven throughout the last 2000–3000 years
(Nyssen et al., 2004; Lanckriet et al., 2015, and references
therein). Another important human imprint on the landscape
are footpaths, which can incise into the land surface (Zgło-
bicki et al., 2021) and, for example, influence soil properties
(Nir et al., 2022) and the gully erosion susceptibility (Busch
et al., 2021). A footpath close to the study site was recently
investigated by Nir et al. (2022) in terms of soil chemistry
and micromorphology.

2.3 Geomorphological setting

The relief of the northern Ethiopian Highlands is largely
structurally (tectonically and geologically) determined. Se-
lective erosion of different rock types produced a stepped
landscape, which is locally termed amba landscape (Coltorti
et al., 2007). Several planation surfaces, the oldest being of
pre-Ordovician age, once weathered and eroded at low alti-
tudes before Cenozoic uplift of the Ethiopian Highlands, can
now be found at altitudes exceeding 2000 m a.s.l. Thus, on-
going erosion not only results in stepped slopes and valleys
but also exhumes relatively level palaeosurfaces (Coltorti et
al., 2007; Machado, 2015).

The most typical present-day soils of the region are Ver-
tisols and (vertic) Cambisols, which develop predominantly
on the basalt surfaces and in the alluvial plains (Ferrari et
al., 2015). These soils are characterized by a high content of
swelling clays (montmorillonite) (Frankl et al., 2012), black
colour, and relatively high fertility (Nyssen et al., 2008).
Due to their high swelling potential and the seasonality of
the local climate, Vertisols (locally termed walka; Nyssen et
al., 2008) are prone to soil piping and gully erosion (Frankl
et al., 2012; Nyssen et al., 2006b; Busch et al., 2021; Nir et
al., 2021). Moreover, the swell-and-shrink cycles of the Ver-
tisols trigger an upward movement of rock fragments orig-

inating from the subsurface (argillipedoturbation; Nyssen et
al., 2006a).

3 Materials and methods

3.1 Fieldwork and sampling strategy

Two exposures corresponding to sections at eroded channel
banks were investigated in the field and sampled for further
analysis in February and November 2019. The first site in
Daragá (PG1) lies on the southwestern bank of May Gube-
dish, a small creek flowing in a northwest direction ca. 50 m
northeast of the current excavation site of Melazo. The sec-
tion was chosen due to the proximity to the archaeological
site, as it appeared as a potential cultural archive. The sec-
ond section of Daragá (PG2) was located at the northwestern
bank of May Agazin, the receiving stream of May Gubedish,
ca. 300 m west of the Melazo temple and 1.5 km south of
Hawelti (Table 1).

In terms of chronological control, the silty-clayey PG1
section was sampled for AMS radiocarbon dating (14C), as
several charcoal pieces were macroscopically visible during
the sampling procedure. Oppositely, organic residue could
not be found in the other sections of profile PG2, where suit-
able layers (sand sized, well sorted) were selected for lumi-
nescence dating. Luminescence samples were taken by driv-
ing opaque plastic cylinders (25 cm length, 5 cm diameter)
into the freshly cleaned sediment, and additional samples
from the bulk material were secured for radionuclide anal-
ysis.

3.2 Sedimentological analyses

The basic sedimentological analyses were performed at the
physical geography laboratory of the Department of Earth
Sciences, Freie Universität Berlin.

As a first preparation step, the bulk samples were dried at
105 ◦C, aggregates were crushed, and particles larger than
2 mm in diameter were removed by sieving. The pH val-
ues were measured with a pH meter in a solution of 10 g of
dried sediment and 25 mL of 0.01 M KCl. Electrical conduc-
tivity was measured in a solution of 10 g of dried sediment in
25 mL of bi-distilled water.

The content of total carbon (TC) was determined with a
Leco TruSpec CHN analyser by means of infrared CO2 de-
tection during sample combustion. The content of total inor-
ganic carbon (TIC) was measured with a Woesthoff Carmho-
graph C-16. Total organic carbon (TOC) was subsequently
calculated by the substraction of the content of TIC from the
content of TC. A laser diffractometer (Beckman Coulter LS
13320) was used to determine the grain size distributions of
the fractions< 1 mm. Sample preparation for grain size anal-
ysis included treatment with HCl for removal of carbonates
and dispersion with sodium pyrophosphate (Na4P2O7). Sed-
iments from the representative units selected for dating and
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Table 1. Sample overview for the studied locations.

PG1 PG2

Location/coordinates May Gubedish/14.066703◦ N, May Agazin/14.065173◦ N,
(decimal WGS84) 38.800879◦ E 38.795278◦ E

Bulk samples for physical and 27 8
chemical analyses

Micromorphology samples 5 3

Radiocarbon samples 6 (bulk/charcoal) /

Luminescence samples / 2

micromorphological investigation were also mineralogically
analysed by X-ray powder diffraction (XRD; Rigaku Mini-
Flex 600).

3.3 Micromorphological analyses

For micromorphological analyses, five sediment blocks were
extracted from different sedimentary units along the profile
of the main outcrop (PG1: M1–M5) and three more at sed-
imentary transition zones from the reference outcrop (PG2:
M6_R–M8_R). Blocks were sampled using plastic boxes or
jackets of gypsum bandages (plaster of Paris) depending on
the sediment type and possible extraction techniques.

The micromorphological samples were dried for 4 d at
room temperature (ca. 18 ◦C) and later heated to 50 ◦C for
30 h. Following this, sediments were impregnated by a 6 : 4
(v : v) mixture of polyester resin and acetone and a small
amount of hardener (5–10 mL to 1 L of the above mixture).
Due to the heavy saturation and cracking of the clay-enriched
sediments, acetone removal was performed, and amounts and
ratios were changed according to the reactions and impreg-
nation of the sediments. Sampled blocks were then dried for
several weeks at room temperature and cut with a slab saw to
ca. 6× 5 cm “hand-sized” units. These units were sent for
30 µm thick thin section preparation to Quality Thin Sec-
tion Labs, Arizona. The analysis of the slides was performed
applying a Zeiss polarizing microscope following a process
performed by common micromorphological studies (Junge et
al., 2018; Stoops, 2020; Verrecchia and Trombino, 2021).

3.4 Luminescence dating – sampling, preparation and
experimental set-up, and radiocarbon dating

All preparation steps and luminescence measurements were
carried out in the Vienna Laboratory for Luminescence Dat-
ing (VLL) at the University of Natural Resources and Life
Sciences (BOKU) in Vienna, Austria. Sample preparation
followed a standardized procedure at the VLL (Lüthgens et
al., 2017; Rades et al., 2018), yielding extracts of potassium-
rich feldspar and pure quartz. Samples for radionuclide de-
termination were dried and subsequently stored in sealed

Petri dishes (∼ 60 g dry weight) for at least a month to re-
establish secondary secular radon equilibrium. Details on the
radionuclide content and the overall dose rate calculations
are provided in Table 3. All luminescence measurements
were carried out on Risø TL/OSL DA-20 readers equipped
with a 90Sr/90Y beta source (Bøtter-Jensen et al., 2000, 2003,
2010). Gamma spectrometry measurements for the calcula-
tion of the dose rate were performed using a Baltic Scientific
Instruments (BSI) high-purity germanium (HPGe) p-type de-
tector (∼ 52 % efficiency). The age calculation was done us-
ing the software ADELE (Kulig, 2005). Initial tests revealed
very low sensitivity of the quartz in the samples, so all subse-
quent measurements were conducted using single aliquots of
feldspar, which revealed good luminescence qualities in dose
recovery experiments using a single aliquot regenerative dose
protocol for the dating of feldspar (for details see Table 3).
The resulting equivalent dose distributions were not signifi-
cantly skewed, and average doses were calculated using the
central age model (CAM; Galbraith et al., 1999). Unfortu-
nately, only a few aliquots passed the rejection criteria for
sample VLL-0492-L (for details see Table 3).

AMS radiocarbon dating was done at the Poznan Ra-
diocarbon Laboratory. The C-14 dates were calibrated with
the software OxCal v. 4.2.3 using the IntCal13 atmospheric
curve (Reimer et al., 2013).

4 Results

4.1 Geomorphology

The Daragá area is situated at an elevation between 2000 and
2200 m a.s.l. within the Aksum plateau, which consists of the
Oligocene trap basalts (Hofmann et al., 1997) and the Meso-
zoic Adigrat Sandstone (Tadesse, 1999; Hagos et al., 2010).
Post-trap tectonic uplift of the region triggered extensive ero-
sion of the flood basalts, resulting in several isolated table
mountains (flat-topped mountains, locally named ambas) and
larger plateau complexes. The plateaus are eroded by in-
ward movement of the surrounding scarps. The inward ero-
sion is promoted by weathering and mass wasting processes
(Duszyński et al., 2019), possibly accelerated by human land
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use (Nyssen et al., 2006a). The archaeological site of Melazo
is situated at the southern fringe of the Aksum plateau on
a peninsula-like plateau remnant corresponding to an out-
lier mountain (Fig. 1). The plateau remnant measures ca.
1.6 km in southwest–northeast direction and up to 600 m in
the northwest–southeast direction. Its surface is flat-topped
at an altitude of 2080 m a.s.l. The surrounding valley bottoms
are incised up to 60 m, resulting in steep to cliff-like scarps
surrounding the plateau, which expose the various colourful
(reddish) facies of the Adigrat formation. To the north, the
valley of May Gubedish dissects the plateau. May Gubedish
is a tributary to May Agazin, which dissects the plateau on
the western side. The valley of May Agazin is up to 400 m
wide, and its valley cross profile ranges from an asymmet-
ric V shape to box-like. The valley follows a tectonic lin-
eament (Hagos et al., 2010). Alluvial plains have developed
on the wide valley floors; at profile PG2, located ca. 1 km
downstream of the confluence of the tributary May Gubedish,
these alluvial deposits are exposed. All hydrological regimes
of nearby streams are periodical (EMA map sheet 1438 D4)
and recent hydraulic constructions such as weirs and check
dams were installed to control the runoff (Fig. 2).

Especially to the northeast of the Melazo plateau the soil
cover is thin, resulting in frequently outcropping bedrock.
The area is rural with sparse settlements; basically the whole
plateau is used for arable farming while the alluvial plains of
the valley bottoms are used for grazing. Stone bunds sepa-
rate the fields on the plateau and the slopes, acting as erosion
protection measures (Fig. 2). The widespread abundance of
rock fragments covering the surface of the plateau areas can
be explained by argillipedoturbation, accelerated by the use
of ploughs (Nyssen et al., 2002).

The catchment of May Gubedish measures 2.27 km2. It
has a length (east–west) of roughly 3 km and a width (north-
northwest–south-southeast) of up to 1 km. Ca. 30 % of the
catchment is grounded in Adigrat Sandstone, while the re-
maining 70 % of the catchment drains trap basalt. The sand-
stone dominates the lower section of the catchment and is
found partly also in its middle reach. The whole headwater
area consists exclusively of basaltic bedrock.

While flowing through basaltic bedrock the valley profile
of May Gubedish corresponds to a shallow hollow valley. To
the north of the Melazo plateau, entering the Adigrat Sand-
stone, the May Gubedish valley is incised 10 to 20 m with a
now box-like valley profile. Thus, the flanks are steeper than
in the upper catchment, and slope erosion is more intense. To
the northeast and north of Melazo, profile PG1 is exposed at
an undercut bank where the channel of May Gubedish today
incises ca. 3 m into its own sediments deposited at a local val-
ley widening upstream of a narrow point. Downstream of the
narrow point the valley profile gets box-like and is infilled
by alluvial deposits. The slopes flanking the channel are cov-
ered by numerous loose blocks and stone bunds stabilize the
slopes where tillage occurs; gullies can be witnessed on both
valley flanks frequently stabilized by check-dams.

4.2 Sedimentology and dating results

The sediment profile PG1, located at the southwestern bank
of the May Gubedish creek (Fig. 2), is built of three major
lithofacies units: the overlying 160 cm sediments are formed
of alternating strata each with a thickness up to 15 cm, sum-
marized as laminated sand, silt, and mud occurring alterna-
tively with horizontally bedded sand facies (Fl/Sh). At 160–
310 cm below surface, sedimentary facies are of massive
mud and silt (Fm), underlain by clast-supported, horizon-
tally stratified gravel (Gh) 310 cm below surface. The transi-
tion between the three lithofacies units takes place gradually.
In total, six different sedimentary units occurring in vary-
ing thickness and frequency could be observed in the profile
(Fig. 3).

Units I and V build the major part of the outcropping sed-
iments. Units II, III, IV, and VI are coarse-grained layers of
limited thickness (2–15 cm), which separate units I and V.
Unit I has a dark gray-black colour and a clayey-sandy ma-
trix containing sharp-edged gravel. It forms the main sedi-
mentary unit of the Fl/Sh facies of the section and can only
be found until a depth of 90 cm. In its uppermost part, at
0–50 cm below surface, unit I is intersected four times by
unit II, a poorly sorted stone layer with a sandy-clayey matrix
and a thickness of up to 10 cm; the stones have rounded edges
and a diameter of 5–10 cm. Unit III is characterized by coarse
gravels in a sandy-clayey matrix occurring in thicknesses of
5–10 cm, being recorded five times between 100 and 160 cm
below surface. Sedimentary unit IV was recorded in six lay-
ers of up to 12 cm thickness between 40 and 90 cm below sur-
face. It corresponds to a red-white-grayish sand layer, occa-
sionally containing cobbles less than 3 cm in diameter. Below
90 cm depth sedimentary unit V appears, becoming the dom-
inating sedimentary unit 160–310 cm below surface (Fm).
Unit V is a gray-green massive silty clay, which is heavily
compacted. Between 90 and 160 cm below surface gravel
layers of unit III are repeatedly embedded into the clayey
sediments of unit V. The base of the section (Gh), below
310 cm depth, is characterized by several coarse gravel and
stone layers (unit VI) intercalated by unit V. Round-edged
stones 15–20 cm in diameter were recorded.

The pH values across most parts of the section are rather
heterogeneous and range between pH 5.9 and pH 7.1. The
lowest values were measured between 170 and 220 cm be-
low surface (pH 5.2–5.5). The electrical conductivity of the
sediments ranges between 0.06 and 0.46 mS cm−1. The up-
permost 70 cm of the section show very low conductivity val-
ues (0.07–0.09 mS cm−1). Below 70 cm depth, from top to
bottom, the electric conductivity values of the sediments in-
crease. The contents in organic (TOC) and inorganic (TIC)
carbon are at a generally low level below 0.8 wt % with only
minor excursions (Fig. 3).

The radiocarbon dating resulted in ages ranging from
1432± 85 BP (DAT4) to 4603± 185 BP (DAT5; Table 2).
However, the ages are not in a chronostratigraphic order.
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Figure 2. Geomorphological and geological map of the study area. Geology modified from Tadesse (1999) and Hagos et al. (2010). Hillshade
and isolines (2.5 m spacing) based on AW3D30 digital elevation model (Jaxa, 2005).

Table 2. Overview of radiocarbon ages. All ages derived from sec-
tion PG1 at May Gubedish (14.066703◦ N, 38.800879◦ E). Cali-
brated ages calculated using OxCal v. 4.2.3 and the IntCal13 at-
mospheric curve (Reimer et al., 2013). Values in bold represent the
calibrated ages referred to in the text.

Lab code Field Depth Raw C-14 Calibrated
code (cm) age BP age BP

POZ-126495 DAT1 65 1600± 30 1470 ± 65
POZ-114362 DAT2 70 2840± 360 3021 ± 898
POZ-123179 DAT3 100 2425± 30 2525 ± 173
POZ-123180 DAT4 180 1530± 30 1432 ± 85
POZ-126496 DAT5 365 4045± 35 4603 ± 185
POZ-122126 DAT6∗ 30 605± 30 598 ±85

∗ Sample DAT6 was taken 5 m downstream from PG1.

Sediment profile PG2, at the northwestern bank of May
Agazin (Fig. 2), exposes eight strata, summarized in three
different types of lithofacies: laminated sand, silt, and mud
(Fl) characterize the overlying strata of the profile (0–260 cm
below surface), interrupted by a layer of clast-supported, hor-
izontally stratified gravel (Gh) 30–65 cm below surface. Be-
low 260 cm depth lithofacies of the outcropping sediments
correspond to high-energy fluvial deposits of planar-cross-
bedded gravel (Gp) and planar-cross-bedded sand (Sp). The
top layer (layer 1, 0–30 cm below surface) is of dark brown
colour and consists of sandy silt with nested pockets filled
with gravels and stones. Layer 2 (30–65 cm below surface)
consists of compacted, light brown to gray silty sand with
a gravelly matrix, and locally semi-angular stones are hori-
zontally embedded. Underlying layer 3 (65–68 cm below sur-
face) is composed of compacted brown to dark gray silt; its
boundaries to the overlying layer 2 and underlying layer 4

https://doi.org/10.5194/egqsj-72-37-2023 E&G Quaternary Sci. J., 72, 37–55, 2023
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Figure 3. Sediment section PG1. Unit I: gray-black, fine roots, heavily compacted, clayey-sandy matrix with sharp-edged gravel content.
Unit II: poorly sorted stone layer, 5 up to max 10 cm in diameter, rounded edges, sandy-clayey matrix. Unit III: coarse gravel layer, sandy-
clayey matrix. Unit IV: red-white-grayish sand grains, occasional cobbles less than 3 cm in diameter. Unit V: gray-green massive silty clay,
heavily compacted, partially embedded gravel layers (III), vertically elongated rust stains up to 1 cm length. Unit VI: gravel and stone layer.
Lithofacies codes according to Miall (1996): Fm – massive mud, silt; Fl – laminated sand, silt, and mud; Sh – horizontally bedded sand; Gh
– clast-supported, horizontally stratified gravel. Photographs of section PG1 can be found in the Supplement.
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are in sharp contact. Layer 4 (68–74 cm below surface) cor-
responds to a light brown sandy silt in a gravelly matrix.
There are several vertical cracks cutting the whole layer,
which are filled with the material of layer 3. These cracks
continue throughout the underlying layer 5 (74–87 cm below
surface), which has a light brown colour with orange patches
and consists of sandy silt with a less gravelly matrix than the
above layer. It is connected with a diffuse contact to underly-
ing layer 6 (87–97 cm below surface), a 10 cm thick layer of
silt with distinct horizontal rust bands. The aforementioned
cracks end in layer 6. Layer 7 (97–152 cm below surface)
consists of silt and has a yellowish gray colour. Occasionally
there are gravels and stones (2–4 cm in diameter) embedded.
Luminescence dating of layer 7 revealed at 120 cm below
surface a burial age of 15.9±1.5 ka (fading corrected; see Ta-
ble 3) for this layer. The exposed basal layer 8 (below 152 cm
below surface) is characterized by an intercalation of sev-
eral sorted sub-layers with various grain sizes; below 220 cm
depth the sub-layers become bevelled. Rust and manganese
bands occur occasionally. The luminescence measurements
for layer 8 (260 cm below surface) yielded a depositional age
of 19.5± 1.5 ka (fading corrected; see Table 3).

Comparable to section PG1 the pH values of the sediments
in section PG2 range between pH 6.7 and pH 7.1. The highest
pH value was recognized in layer 2, at a depth of ca. 50 cm.
The electrical conductivity increases from ca. 0.2 mS cm−1

in layer 1 to the bottom, peaking in layer 4 (0.4 mS cm−1).
The TOC content is the highest in layer 1 (1.2 wt %) with
two minor peaks in layers 3 (0.3 wt %) and 5 (0.23 wt %).
Below 100 cm depth, the TOC decreases to values less than
0.2 wt %.

4.3 Micromorphology

At the May Agazin section (PG1), the groundmass is com-
posed of silty to clayey weakly developed sub-angular blocky
peds (Fig. 5a, c, d). The dominating colours are brown-gray-
red with reduced grey more present at the bottom part, likely
due to changes in groundwater level. Overall pedo-features
are mostly in the form of organic and iron impregnations with
some pedoturbation and little bioturbation. Little change is
evident along the profile with Fe oxides, organic residues,
and limpid clays detected along infilled channels. At 65–
70 cm below surface (Fig. 5a), disordered interlayerings of
coarse sands and gravel-sized grains with finer material are
found at times along planar voids or infilled channels. They
are mostly layered semi-diagonally at a 45–60◦ angle. These
sub-rounded gravel-sized grains could be a result either of
redeposition of fluvial sediments due to sheet erosion from
the slopes or of a low-energy fluvial deposition. Sub-rounded
sand-sized black metal oxide pseudomorphs are more domi-
nant at this depth. The latter do not seem to be in situ pedo-
features but oxidized and redeposited or pedoturbated within
planes. At 110 cm below surface, the grey-gley colour de-
creases, and a brown-red Fe matrix dominates the micro-
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mass, indicating either more intense oxidation, most likely
due to post-depositional percolation, or the groundwater not
reaching up to this level (Fig. 5b). The latter process ap-
pears to be more dominant. Voids coated or infilled with
limpid clay, sand-sized minerals, and hyper-coated nodules
are mostly in association with planes and suggest older plane
(crack) formation and therefore several cycles of pedoturba-
tion. This process could occur either near the surface or as
result of the total de- and re-hydration of the entire soil col-
umn. Some smaller voids are more rounded than the larger
ones, and chambers and vesicles are common. These features
indicate bioturbation occurred or is preserved over the over-
lying pedoturbation on the smaller scale (20–100 µm; Fig. 5,
Appendix A).

Section PG2, exposing fluvial deposits of May Gubedish,
exhibits silicious cementation, as well as vertical Fe oxi-
dized cracking (Fig. 5e, f). The three micromorphological
samples taken show sand- to gravel-sized volcanic minerals
along with basalt rock fragments (Fig. 5e, f, g). The gravel-
sized grains are coated by clay but seem to lack silt, sug-
gesting a surface-related process of mud drying on these
grains rather than a post-depositional one. The differences
between the layers are related to void sizes (compaction) and
to some extent to a dominance of the clayey matrix. The lay-
ers, however, exhibit large sub-angular sand- to gravel-sized
grains and occasional Fe/Mn pseudomorphs. This suggests a
strictly fluvial, medium-energy deposition with very minimal
post-depositional activities. At 120 cm below surface (Ap-
pendix A) sand-sized grains are deposited sub-horizontally
following the inclination of the present-day surface. Iron ox-
ide nodules are mainly ordered vertically along cracks and
infilled channels while some of the grains are aggregated.
These observations indicate a lower-energy deposition for
layer 7 (97–150 cm) than for the lowermost layer (layer 8;
Fig. 5g), with some vertical voids indicating roots and/or
dehydration cracks (related to the nearby surface above) in-
filled with oxides. A further decrease in stream energy is ev-
ident at 68–74 cm below surface (layer 4, Fig. 4), where the
groundmass is compacted, matrix supported, and dominated
by clays. A post-depositional silicious cementation has likely
replaced biogenic features and post-dates all other features
(Fig. 5e, f).

5 Discussion

Both investigated sedimentary sections and the geomorpho-
logical mapping provide insights into the late Pleistocene–
Holocene palaeoenvironmental development of the Daragá
area.

At the May Agazin site (PG2), the outcropping sediments
are all of fluvial origin. In the basal layer 8, the sorted sands,
gravels, and pebbles indicate fluvial deposition at a point
bar close to the channel under varying, but generally rather
high, velocities (Pazzaglia, 2013). In the overlying layer 7,

laminated sands and fine gravels indicate floodplain depo-
sition possibly related to a shift in the meandering channel
in the rather wide May Agazin valley (Hooke, 2022). Ac-
cordingly, layers 6, 5, and 4 correspond to cycles fining up-
wards, indicating decanted floodplain deposits (Dunne and
Alto, 2013; Pazzaglia, 2013). In layers 4 and 5, organic car-
bon contents are slightly increased. While these increased or-
ganic carbon contents could relate to redeposited organic ma-
terial on the floodplain, they might also indicate soil-forming
processes in a phase of reduced flood frequency (Kennedy
and Woods, 2013). This interpretation agrees with the cracks
infilled with fines coated by Fe oxides pervading layers 4,
5, and 6, which are signs of desiccation at the surface (Ver-
recchia and Trombino, 2021). Also the presence of silicified
plant material observed in layer 4 (Fig. 5e) indicates that this
layer formed a surface for at least some time and possibly
underwent soil-forming processes. We assume that this sur-
face was partly eroded before the accumulation of overlying
layer 3 as indicated by the sharp contact between layers 3
and 4. The minor thickness of layer 3 and its sandy charac-
ter indicate a single smaller flood event (Knox and Daniels,
2002). Also in layer 3, increased organic carbon contents
are taken as indicators for post-sedimentary soil development
and, thus, indicate a post-sedimentary phase of low flood fre-
quency (Dixon, 2013). In contrast, in the overlying layer 2
the 50 cm thick package of unsorted sand, gravel, and sharp-
edged rocks indicates strong flood activities (Benito, 2013)
possibly with material contribution from the steep surround-
ing slopes (Nyssen et al., 2006a). However, as there is no
age control for the uppermost metre of the sediment profile,
a possible connection between late Holocene human impact
such as deforestation (Lanckriet et al., 2015) remains highly
speculative.

The deposition of layers 8 (VLL-0492-L; 19.5± 1.5 ka)
and 7 (VLL-0491-L; 15.9± 1.5 ka) falls into the LGM–late
Pleistocene glacial–interglacial transition period. Within 1σ
error, both ages almost overlap, and within 2σ error, both
ages do overlap. Given the poor luminescence properties
(dim signals) of both samples, which required 4 mm aliquots
each containing several hundreds of grains to be measured,
signal averaging may lead to an overestimation of the ages:
the luminescence signals from well-bleached grains will be
masked by the much brighter luminescence signals from
older feldspar grains which were not sufficiently bleached
during the last sedimentary cycle (Thrasher et al., 2009;
Rhodes, 2011). This is especially true for sample VLL-0492-
L, which required measuring in a very broad grain size range
from 100–300 µm (compared to a grain size range of only
150–200 µm for sample VLL-0491-L). This increases the av-
eraging effect even more because a higher number of grains
is measured per aliquot, which may serve as an explana-
tion of the age offset of the two ages. In addition, the lo-
cation of the PG2 section lies in the headwater area of the
May Agazin catchment, roughly 4 km away from the divide.
Thus, the possible transport distances of the feldspar grains
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Figure 4. Sediment section PG2 (May Agazin). Layer 1: sandy silt, gravel, and stones, layered in pockets of the matrix, sub-angular small
stones. Layer 2: silty sand, matrix more gravelly, rounded and semi-angular stones (2–12 cm), mostly horizontally bedded. Layer 3: sandy silt.
Layer 4: sandy silt, gravels part of the matrix, sub-angular small stones. Layer 5: sandy silt with few gravels, very fine. Layer 6: silt. Layer 7:
silt, occasional gravels and stones (2–4 cm), unsorted. Layer 8: intercalations of sorted layers, bedded: stones, gravels, sometimes sandy
matrix. Lithofacies codes according to Miall (1996): Gp – planar-cross-bedded gravel; Sp – planar-cross-bedded sand; Gh – clast-supported,
horizontally stratified gravel; Fl – laminated sand, silt, and mud. A photograph of section PG2 can be found in the Supplement.

are low, reducing the bleaching possibilities owing to only a
relatively low rate of possible sedimentary cycles (Mcguire
and Rhodes, 2015; Bonnet et al., 2019). Bearing in mind the
possible age overestimation owing to methodological issues
especially for sample VLL-0491-L, it appears more likely
that both luminescence ages should be associated with the
younger late Pleistocene and not with the LGM (in the case
of unit 8). Consequently, both fluvial sedimentary units re-

late to the last glacial–interglacial transition and the abrupt
onset of the summer monsoon at around ca. 15 ka (Williams
et al., 2006; Gasse et al., 2008; Foerster et al., 2012). Be-
ing connected to the Nile catchment via the Tekezé and At-
bara rivers, this notion is also supported by the increasing
contribution of Ethiopian trap basalt components recorded in
the Nile delta at the onset of the last African Humid Period
(AHP) at ca. 15 ka (Revel et al., 2010; Ménot et al., 2020).
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Figure 5. Thin sections of PG1 (a–d) and PG2 (e–g). PPL = plane polarized light, and XPL = cross polarized light. (a) At 65–70 cm below
surface (PPL) notice that the grains undergoing Mn coating are not expressed in the micromass. (b) At 100–110 cm below surface (PPL)
clay coating and Fe–Mn oxides in a reducing and oxidizing mixed (Fe depletion) groundmass. Notice sub-vertical void along a dark brown
groundmass, both typical of the matrix. (c) At 245–250 cm (PPL) notice that accommodating and non-accommodating planes, as well as
grey and red-brown parts of the micromass, with organic impregnation and Fe–Mn oxides, are more easily differentiated. (d) At 365–370 cm
(PPL) red-brown colour and non-accommodating planes are both more dominant. (e) At PG2 layer 4, 68–74 cm depth (XPL) notice that the
(most likely silicious) cement is infilling voids that are cutting through the Mn–Fe oxide micromass, indicating its layer formation. (f) At
PG2 layer 7, 115–125 cm depth: similar to panel (e) in PPL. (g) At PG2 layer 8, 255–265 cm depth (XPL) notice the basalt grain in the upper
left part and limpid clay coating most of the larger grains and aggregates.
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Thus, the lower parts of the PG2 section were deposited
due to increased fluvial activity in response to the onset of
monsoonal rainfall after a drought period during the LGM.
For Lake Ashenge, Marshall et al. (2009) report increasing
precipitation due to the returning monsoon already at ca.
16.2 kyr BP, which is in very close agreement with our lu-
minescence data.

The sedimentological record from the riverbank of May
Gubedish (PG1), a tributary of May Agazin, indicates com-
pletely different fluvial dynamics. The base of this section
is formed by a ca. 50 cm thick package of coarse clasts
(Gh facies) indicating deposition in the channel under con-
ditions of high stream energy (Pazzaglia, 2013). The whole
overlying lithostratigraphic unit (Fm facies) is dominated by
silty-clayey deposits, which are in its upper layers horizon-
tally streaked with coarser, sandy-gravelly layers (Fl/Sh fa-
cies). Either these deposits are indicative of deposition in
a still water body (Reeves, 1968) or they correspond to al-
luvial deposits on a floodplain under very low stream en-
ergy (Pazzaglia, 2013). Deposition in a stagnant water body
would require a damming situation downstream of the sec-
tion, which could have been caused by a local rockfall or
landslide along the river banks (Korup, 2013). The outcrop-
ping sandstone of the Adigrat Formation along the steep
valley flanks and the apparent signs of ongoing gravita-
tional mass movements at the slopes affirm this assumption
(Fig. 2). Nyssen et al. (2006a) identified rockfall as an im-
portant geomorphic process in the northern Ethiopian high-
lands, most recently often triggered by livestock trampling.
At present, however, no geomorphological evidence of a nat-
ural damming situation due to mass movements could be ob-
served along the valley floor. The parent material of the silty-
clayey deposits is the weathered trap basalt, which makes
up a large part of the May Gubedish catchment (Fig. 2).
The repeated occurrence of thin (few centimetres) sand and
gravel layers may represent stronger rainfall events trigger-
ing slope wash and increased discharge (Cammeraat, 2013).
The large clasts, which at times are embedded into the silty-
clayey layers, were most likely laterally washed in from the
adjacent slopes. Within the silty-clayey parts of the section
signs of stratification are lacking due to pedoturbation caused
by dry–wet cycles starting from the surface and influenced
by a periodically alternating water table level. Consequently,
Fe reduction–oxidation cycles, organic decomposition, and
clay-bound swell-and-shrink processes were identified in the
micromorphological analyses. The process of argillipedotur-
bation, which causes intense turbation of the material, has
been described for Vertisols in Tigray before (Nyssen et
al., 2002, 2006a). However, the sand and gravel layers above
ca. 160 cm below surface have visibly not been incorporated
in the pedoturbation process. Thus, we conclude that pedo-
turbation has not affected the larger grains and in general has
mostly occurred prior to their deposition. Generally, planes
and other void types are smaller than the gravels and sands
in this unit and are not infilled by organic or Fe oxides as is

the case for much of the lower section or even a few of the
layers in this unit; i.e. gravel-sized pedomorphic organic fea-
tures may have been transported within a layer in the unit but
not between layers (Fig. 5).

For C-14 dating, bulk soil organic carbon was used and,
thus, should be treated with caution, as soil organic carbon
can be redeposited several times (e.g. old wood effect) and
re-precipitate or move vertically owing to pedo- or bioturba-
tion (Sloss et al., 2013). Our dates therefore should reflect a
general time frame for the accumulation of the PG1 profile
using different stratigraphic constraints to interpret the accu-
racy of these dates. A C-14 date from the lower part of this
profile (DAT5: 4603± 185 BP) reveals that the early accu-
mulation of the coarse, clast-rich Gh facies likely took place
during or after the mid-Holocene. From the fines of the Fm
facies, one sample was derived (DAT4: 1432± 85 BP), and
from the layered Fl/Sh facies, three samples for C-14 dat-
ing were extracted from gravel layers (DAT1: 1470± 65 BP;
DAT2: 3021±898 BP; DAT3: 2525±173 BP). Even includ-
ing an age inversion due to pedoturbation, these dates indi-
cate that sedimentation took place during the first millennium
BCE and the first millennium CE; thus, it temporally corre-
sponds to the Ethio-Sabaean and Aksumite material cultures
(Phillipson, 2012). An additional date was derived from a
sediment sample taken 5 m downstream of the PG 1 pro-
file (DAT6: 598± 53 BP) from silty-clayey deposits (Fm fa-
cies) at a depth of 30 cm, which represents a younger re-
accumulation of the May Gubedish, probably as a lower ter-
race segment. This age provides a frame for the incision of
the May Gubedish river into its infilled valley floor, forming
a river terrace that today forms the surface of PG1, which
consequently took place after 598± 53 BP. This is in agree-
ment with the conclusions of Lanckriet et al. (2015), who re-
port increased channel incision especially in recent and sub-
recent times due to strongly increased surface runoff as a re-
sult of strong deforestation. Two C-14 outliers are likely due
to syn- and post-depositional processes. Within the gravel
layer DAT2 was dated 500 years older than the 50 cm deeper
sample of DAT3 but with the error range of 898 years, over-
lapping with DAT3. However, one substantial outlier (DAT4)
within the well-pedoturbated material at 1 m below this unit
falls into the middle of the first millennium CE, still confirm-
ing the general age of the deposition to the late Holocene
but contradicting the three ages above. This C-14 outlier is
likely a result of roots activities or pedoturbation below the
horizontal gravel layer. The maximum age for the deposition
of the upper 180 cm of the PG1 section falls into the time
of or after the decline of the Aksumite Empire (ca. 1400–
1000 CE) (Phillipson, 2012), when the geomorphic activity
was high due to intensified agriculture and increasing defor-
estation under comparably drier climatic conditions (Fig. 6;
Lanckriet et al., 2015; Darbyshire et al., 2003; Machado et
al., 1998).
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Figure 6. Integration of our results in an environmental and cultural context of northern Ethiopia. 1: Moeyersons et al. (2006), Lamb et
al. (2007b), Umer et al. (2004). 2: Armitage et al. (2015). 3: this study and Lanckriet et al. (2015). 4: Bard et al. (2014), Fattovich (2012).

6 Conclusions

The environmental conditions on and around the Melazo
plateau were favourable during the time of the Ethio-Sabaean
settlement. This is also reflected in the findings of mon-
umental buildings from this period. The landscape of the
May Gubedish valley close to the Melazo archaeological site
probably looked different during the Ethio-Sabaean period
than today. The groundwater level was presumably higher,
and water in the valley was probably easier to access than
today due to less relief as May Gubedish was flowing at
a higher level than today in its own sediments at the val-
ley floor. Also the geological conditions appear favourable:
the omnipresent Adigrat Sandstone provides building mate-
rial, which is also used today for building walls and other
structures. The trap basalt, found in the inner part of the
Melazo plateau and the surrounding plateaus, provides fertile
soils. Beyond, the peninsula-like Melazo plateau has a strong
protective function as it is only easily accessible from the
east–northeast, while in all other directions steep scarps en-
close the plateau. The resulting large viewshed of the Melazo
plateau also had tactical advantages as it allowed visitors to
be recognized at an early stage. The landscape of the much
wider May Agazin valley, however, was probably rather sim-
ilar to most recent conditions. May Agazin like today was
a hindrance for traffic, and during rainy seasons the channel
could probably only be crossed at dedicated, and thus easy to
control, places.

Our study provides evidence for increased fluvial activity
in the May Agazin during the late Pleistocene, which is prob-
ably related to the re-occurrence of the monsoonal rainfall
after the LGM. In the May Gubedish valley, being a tribu-
tary to the valley of May Agazin, coarse fluvial sediments
indicating high-energy fluvial dynamics at the base of the
channel were deposited around the transition from the mid-
dle to late Holocene. During the Ethio-Sabaean and probably
early Aksumite period slow aggradation of the valley floor
started with most likely increasing depositional rates during
the late and post-Aksumite period. Since medieval or sub-
recent times the channel of May Gubedish incised into its
own valley floor sediments – exposing the sediments of PG1
and forming a terrace which today is used for an orchard.
These observations generally correlate with other studies on
geomorphic activity phases in Tigray.
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Appendix A

Table A1. Sedimentary analysis of selected depositional units in the PG1 and PG2 profiles. Grain sizes used are gravel (g), coarse sand (cs),
medium sand (ms), fine sand (fs), silt, and clay. Sediment grain size categories are based on laser grain size analysis, while mineral occurrence
is interpreted from XRD spectra. Micromass structure, mineral shapes and sizes (for those also visually identified), and pedo-features were
obtained through micromorphological observation.

Site Depth Unit Grain size and structure Dominant minerals Pedo-features
(cm) (ordered by abundance)

PG1 30 Young Clay. Weakly developed Quartz: sub-angular (ms-fs); kaolinite, Iron mottling.
accumulation sub-angular blocky and muscovite, and chlorite (silt-clay); Large accommodating

crumble porous peds feldspars (fs-silt); rosenhahnite planes and aggregates

65–70 I/IV Loam. Weakly developed Quartz (cs-fs, sub-rounded larger Iron mottling, organic
sub-angular blocky peds, grains to sub-angular smaller impregnation,
poor sorting, few grains), kaolinite, muscovite, Mn–Fe pseudomorphs
sub-horizontal and chlorite: mostly as coating (g-ms), planes
grain-supported layers (fs-clay); plagioclase feldspar
of g-cs-sized grains (fs); pyroxene: weathered

(cs-fs) very rare

75–79 I/IV Loam. Planes – ms sized Quartz (g-fs, sub-angular), kaolinite, Some planes are infilled by
in width. Moderately muscovite, and chlorite: mostly as the coarser material including
developed sub-angular coating (fs-clay); plagioclase aggregates and pseudomorphs
blocky peds, feldspar (fs); pyroxene: weathered
poor sorting (g-cs-fs) very rare

95–111 V Silty clay loam. Quartz mostly elliptic shaped (cs-fs); Iron mottling and organic
Sub-angular blocky peds, plagioclase feldspar and pyroxene: impregnation, accommodating
weakly developed in sub-angular to sub-rounded (fs); and non-accommodating planes.
a massive microstructure kaolinite, muscovite, and Voids are coated and some

chlorite: mostly as coating infilled by limpic clay and
(silt-clay); rosenhahnite Fe–Mn oxides. Cs-sized grains

are associated with planes

345–350 V/VI Silty loam. Weakly developed Quartz: sub-angular (ms-fs), Brown micromass with iron
peds with poor sorting and feldspar (fs-silt), kaolinite, mottling and organic impregnation.
open grain-supported structured muscovite, and chlorite (silt), Bioturbation is slightly more
cs-g grains at the lower possible rosenhahnite evident from the impregnation of
part of the groundmass oxides, and limpid clays feature

also along infilled channels

PG2 65–68 3 Loamy sand, blocky and Quartz: sub-rounded (cs-fs); Planar voids coated and filled
moderately developed peds basalt: sub-angular (g-cs); with clays or larger grains

clinopyroxene: sub-rounded (fs);
olivine: (silt) rare;
orthopyroxene: (fs) rare

68–74 4 Sandy loam, blocky in Quartz: sub-rounded (ms-fs); Cemented by amorphous silica.
a poorly to moderately clinopyroxene: sub-rounded (fs); Rare (g) size orthopyroxene
developed peds basalt: sub-angular (cs) rare grains with surrounding
structure constrained minerals (corona

texture) – geological feature

97–152 7 Loamy sand with structural Basalt: sub-rounded (g-ms); Clay coating on most of
and planar voids. pyroxene: sub-angular to the sand-sized grains.
Large grains (cs-g) sub-rounded (cs-fs); Many of the large grains
are crossing olivine: (ms-fs) rare; are aggregates. Mn–Fe oxide
sub-horizontally kaolinite, muscovite: nodules (pseudomorphs) are

coating (clay) also found along vertical
lines (cracks)

152–335 8 Sandy gravel dominant Quartz: sub-rounded (cs-fs); Three sub-units with g- and s-sized grains:
in open grain- pyroxene: sub-rounded to 1. in large voids,
supported structure sub-angular (ms-fs); 2. dominant clay-coating and

basalts: sub-rounded (g-ms) 3. combination of (1) and (2) Mn–Fe
oxides pseudomorphs (cs-ms)
and Fe mottling.
Depositional cycles
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Abstract: The age of the push moraine complex Wallsbüll-Böxlund, Schleswig-Holstein, is unclear despite in-
vestigations in this area for decades. To address the timing of formation of both the push moraine
complex and the peat and soils found in its depressions, an outcrop in Osterbylund (OBL) was in-
vestigated. Optically stimulated luminescence and 230Th/U dating, as well as pollen analyses, were
undertaken with the aim to correlate the soils OBL 1 to OBL 4 to interglacials and interstadials. The
chronological studies were accompanied by detailed sedimentological investigations. The results of
the pollen analyses put the peat unambiguously to the Eemian; the peat is equivalent to OBL 1. The
overlying sands and the other intercalated soils are to be placed into the early Weichselian. While for
OBL 2 the assignment to the Brörup interstadial is clear, it is more difficult to clearly correlate OBL 3
and OBL 4 to an interstadial due to poor luminescence signal resetting of the sands, especially above
OBL 4. Considering all data available, it is most likely that OBL 3 formed during the Odderade in-
terstadial and OBL 4 during the Keller interstadial. From the Eemian to early Weichselian ages of the
peat and soils it is evident that the push moraine complex is of Saalian age; a Weichselian ice margin
further in the west, as assumed in other studies, can therefore be excluded.

Kurzfassung: Die Altersstellung des Stauchmoränenkomplexes Wallsbüll-Böxlund in Schleswig-Holstein ist trotz
jahrzehntelanger Untersuchungen noch ungeklärt. Die in einem Aufschluss in Osterbylund (OBL)
aufgeschlossenen Sedimente und Torfe sowie Böden wurden zur Klärung dieser Frage und auch zur
Korrelation der Böden OBL 1 bis OBL 4 mit den bekannten Interglazialen und Interstadialen mit-
tels optisch stimulierter Lumineszenz und Uran-Thorium sowie Pollenanalysen datiert. Detaillierte
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sedimentologische Aufnahmen ergänzten die chronologischen Arbeiten. Die Pollenanalysen ordnen
den in Depressionen vorkommenden Torf dem Eem zu; der Torf ist mit OBL 1 gleichzusetzen. Die
aufliegenden Sande und die übrigen eingeschalteten Böden können alle in das Frühweichsel gestellt
werden. Während für OBL 2 die Stellung in das Brörup-Interstadial aufgrund der Daten belegbar ist,
gestalten sich die Zuordnungen für OBL 3 und OBL 4 etwas schwieriger, da schlechte Bleichung der
Lumineszenzsignale der Sande insbesondere oberhalb von OBL 4 Unsicherheiten mit sich bringen.
Unter Berücksichtigung der Gesamtheit der Daten ist eine Korrelation von OBL 3 mit dem Odderade-
Interstadial und von OBL 4 mit dem Keller-Interstadial am wahrscheinlichsten. Aus diesen Daten
ergibt sich zudem eine saalezeitliche Entstehung des Stauchmoränenwalls; ein, wie in anderen Stu-
dien angenommen, weichselzeitlicher Eisrand noch weiter westlich als der hier untersuchte Standort
kann somit ausgeschlossen werden.

1 Introduction

The extent of the Weichselian ice sheet and the environment
in the southern Baltic region and bordering areas in north-
ern Germany has received large attention (e.g. Houmark-
Nielson, 2010; Kenzler et al., 2017, 2018; Rinterknecht et
al., 2014). In contrast to detailed knowledge on the late We-
ichselian ice dynamics and its climatic implications (e.g.
Hughes et al., 2016; Lüthgens et al., 2020), the early We-
ichselian in this area has not yet been investigated in its en-
tirety. This period, however, is especially interesting due to
the changes between cold and warm phases. While these cli-
mate variations are well preserved in ice cores (e.g. Seierstad
et al., 2014), there is a lack of local terrestrial archives docu-
menting the highly variable conditions at that time.

Among the few terrestrial sites in northern Germany where
palaeosols as indicators for warm phases are preserved is
the push moraine ridge in Osterbylund, northern Schleswig-
Holstein, close to the Danish border (Fig. 1). However,
whether the palaeosols represent the Weichselian remains
controversially discussed. It has been argued that the soils
got deformed by the youngest Saalian (“Warthian”) glacier
advance during marine isotope stage (MIS) 6 and had there-
fore been interpreted as “intra-Saalian”, with an attribution
of the lowermost and most intensively developed soil to
the intra-Saalian “Treene interglacial” (e.g. Stremme, 1981,
1986; Stremme et al., 1982; Stremme and Weinhold, 1982;
Zöller, 1986). In contrast, it has been claimed that the soils
are of post-Saalian age, with the lowermost soil represent-
ing the Eemian interglacial, not being glacially deformed; the
overlying soils represent Weichselian interstadials (Gripp et
al., 1965).

To address the debate on the age of the push moraine ridge
and with it on the palaeosol formation, optically stimulated
luminescence (OSL) dating is the method of choice, as it can
be applied to the clastic sediments underlying and covering
the soils. In luminescence dating, the time elapsed since the
last exposure to daylight is determined; this is in general re-
ferred to as the burial age. From that it is evident that not the

soil formation itself is being dated, but that age constraints
can be provided.

In our study we present detailed sedimentological inves-
tigations of the sediment succession in the push moraine
complex near Osterbylund, Schleswig-Holstein, Germany,
together with OSL ages from the sediment over- and under-
lying the palaeosols. In addition, pollen analyses from a peat
underlying the clastic sediments are presented together with
an attempt to date the peat using 230Th/U dating. The com-
bination of the data is then used to correlate the investigated
strata and the palaeosols to MISs, with the aim to add another
jigsaw piece to the glacial and intraglacial development in the
western Baltic region.

2 Geological setting

For decades, several sand–gravel pits have been opened in a
9 km long, SE–NW stretching push moraine ridge between
Wallsbüll and Böxlund, northern Schleswig-Holstein, close
to the Danish border (Fig. 1). Two of them (Böxlund 1 and
2; Fig. 1b) have been intensely investigated over decades
due to the occurrence of palaeosols (e.g. Stremme and Wein-
hold, 1980). Because of the presence of several organic-rich
horizons, the sand–gravel pit in Osterbylund became of spe-
cial interest. It is situated on the same ridge (Fig. 1) a few
kilometres SW of the Danish border. The push moraine is
surrounded by Weichselian sandur plains originating from
meltwater streams of the Weichselian end moraines draining
westwards into the North Sea. The surfaces of these plains
have an elevation no higher than +25 m above present sea
level (a.s.l.). The Saalian push moraine complex is 20 to 30 m
higher than these plains (topographical map of Germany
1 : 25 000; sheets Medelby, 1121, and Wallsbüll, 1221), with
the highest point, called Lundtop, reaching +53.8 m a.s.l.

The continuous exploitation of the pit revealed not only
the complexity of the sand succession and the intercalated
soils and organic-rich horizons but also various peat lay-
ers. Further, two folded palaeosols in superposition were
found (see Stephan, 1988). Based on detailed sedimentary
and structural studies, Stephan (1988) showed that the defor-
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Figure 1. Overview of the Baltic region in which the study area is located, (a) showing the ice marginal positions of the Saalian and
Weichselian glaciations and (b) the push moraine complex Wallsbüll-Böxlund; OBL=Osterbylund.

mation had developed by a periglacial sheet sliding downs-
lope with thrust folding, probably initiated by an undercut of
the moraine slope by Weichselian meltwater streams.

In Fig. 2, a generalised view of the sediments, structure,
and deformation is given. The lower and median parts are
mainly meltwater sands, in most cases strongly deformed by
glacial pressure (folded and cut by thrust faults). Blocks of
till and folded till beds are incorporated in the sands mostly
getting smaller upwards, rarely reaching the surface. The
northeastern part of the deformed sequence is covered by
a thick undulating till sheet overlain by periglacial sands,
which are several metres thick, not deformed, and concor-
dantly filling push synclines, upwards with slightly undu-
lating or increasingly even stratification. Several palaeosols
(named OBL 1–4) have been observed within these sandy de-
posits; the lower two soils show distinct humus-rich Ah hori-
zons (according to AG Boden, 2005). Towards the centres of
the synclines the lowermost humus layer is often graded into
a peat.

3 Field investigations

Different outcrop walls have been investigated over the last
2 decades, showing various sedimentological features which
can be used to obtain an integrated picture. Detailed inves-
tigations and sampling for dating and pollen analyses were
carried out in 2003, 2004, and 2005. The field studies in 2012
(see Stephan et al., 2017) and 2016 focussed on the sedimen-
tological description to obtain a better understanding of the
geological and geomorphological processes at the site.

3.1 Exposure and sampling in 2003

A standardised profile of the investigated exposures
(54.798216◦ N, 9.232047◦ E) is given in Fig. 3 (composite
profile 2003).

At the bottom, a greyish-brown till is exposed, overlain
by grey sand, only 1 cm thick, upwards followed by a 1.8 m
thick peat, which can be parted into a lower black and an up-
per blackish-brown peat (Fig. 3). The black peat is compact
and has a platy structure, while the overlying peat shows an
only slightly platy structure but many well-preserved frag-
ments of plants and wood. Both peat layers were sampled for
230Th/U dating (TIMS no. < 700, Table S1 in the Supple-
ment) and pollen analyses.

The peat is discordantly overlain by mainly fine- to
medium-grained sand; the transition between peat and sand
exhibits dislocated peat fragments. The sand appears partly
weakly podsolised, and its lamination is altered by mass
movements. About 1 m above the peat an OSL sample (LUM
498) was taken (Figs. 3, S1). The sand graded upwards into
greyish silt, overlain by a strongly disturbed mud, which is up
to 15 cm thick and interbedded with relics of an Ae horizon
(Fig. 3). Above the mud, there is grey to yellowish-grey lami-
nated sand of about 4 m in thickness. This sand was sampled
some metres above the mud (LUM 469). At its top, a thin
and slightly humic Ah horizon is present and overlain by a
brownish sand (see composite profile 2003 in Fig. 3). One
OSL sample (LUM 470) was taken from an isolated block
about 60 m to the northeast below a brown clay. The sedi-
mentary conditions at this site are slightly unclear; the mate-
rial may belong to a gravity flow.
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Figure 2. Generalised sketch of the push moraine in Osterbylund. In the depression, the four palaeosols OBL 1 to OBL 4 are exposed (see
Figs. 3 and 4).

Figure 3. Profiles investigated in the years 2003 to 2005, indicating the locations where samples for luminescence dating (LUM) were taken.
Sample LUM 470 originates from an isolated block, which hampers the correlation. Therefore, the sample is not marked in the profile.

3.2 Exposure and sampling in 2004 and 2005

The generalised profile of an exposure north of the site in-
vestigated in 2003 is presented in Fig. 3 (profiles 2005-
1 and 2005-2). The same peat bed as found in 2003 was
exposed in a small incision originating from water run-off
(54.798351◦ N, 9.232048◦ E; profile 2005-2); the palaeosols
were present at 54.798218◦ N, 9.231425◦ E (profile 2005-1).
All four palaeosols (OBL 1–4) were present at this exposure
(Fig. 4).

The bottom part (profile 2005-2) is composed of a ca.
0.2 m thick very fine-grained sand, covered by silt ca. 0.4 m
in thickness. One sample for OSL dating (LUM 1137) was
taken from the sand. The silt is overlain by 1.5 m thick peat;
there, a series of samples for 230Th/U dating was taken
(TIMS no. > 700; Table S1). Above the peat, most parts of
the overlying succession are dug off, with the peat forming

the sole of an excavation plane (terrace). About 40 m fur-
ther to the west (profile 2005-1) the peat graded into a thick
humus layer with an underlying podsol (OBL 1 in profile
2005-1, Fig. 3), both periglacially disturbed and partly dis-
placed. Above the humus layer, a 1.8 m thick mainly fine-
to medium-grained, laminated sand followed, overlain by
an Ah horizon (OBL 2) with intense podsolisation (distinct
leached horizon and a thick yellow to rusty brown Bsh hori-
zon). Just below OBL 2, a sample for luminescence dating
was taken (LUM 1138). On top of the weak soil, there are
about 2 m thick stratified sands with few gravels; these sands
are distinctly podsolised and overlain by a thin humus layer
(OBL 3). One sample for OSL dating (LUM 1139) was taken
from the leached sand (Fig. 3; profile 2005-1, Fig. S2).

The podsol is covered by fine- to medium-grained lami-
nated brownish sands, which are most likely of aeolian ori-
gin. One sample for OSL dating (LUM 1140) was taken
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Figure 4. Photograph of the NW-facing outcrop investigated in
2005 showing OBL 1–OBL 4. This photograph corresponds to pro-
file 2005-1 in Fig. 3.

0.75 m above the podsol from the sand. This sequence was
overprinted close to the top by a thin and weak podsol with
a very thin Ah layer (OBL 4); ca. 0.2 m below this Ah layer
there is an intercalation with gravel. The gravels are polished
and frequently split by frost. Above the Ah layer laminated
brownish sands, ca. 1 m in thickness, are found. These sands
are cryoturbated at the top. The cryoturbated zone has an ad-
mixture of some gravels and few stones, evidencing trans-
port of coarse material from outcropping till further up the
slope. The uppermost sample for OSL dating (LUM 1141)
was taken 0.5 m above the Ah layer of OBL 4.

3.3 Exposure in 2016

The exposure investigated in 2016 (54.798162◦ N,
9.230141◦ E; Fig. 5) is located 100 m to the west of
profile 2005-2.

Based on its sedimentological and pedological characteris-
tics, profile 2016-2 has been subdivided into five lithological
units (Unit I to V; Fig. 6):

Unit I comprises two superimposed diamict layers, with a
total thickness of at least 1 m. The lower boundary was not
visible due to slope debris. The basal part of the outcropping
strata consists of a stiff, matrix-supported silty, greenish-grey
diamicton with sporadic medium- to coarse-grained sand
lenses. The transition to the 20–30 cm thick overlying matrix-
supported sandy diamicton is gradual. Faint subhorizontally
stratified domains are visible in this uppermost greenish-grey
part of unit I (Fig. 6).

The 1.3 m thick unit II is composed of massive medium-
grained sand intercalated with granule lenses and pebble
stingers in the middle part (Figs. 6 and 7a–c). At the undu-
lating base, a centimetre-thick faintly developed humic layer
is present, which marked the transition from unit I to unit II.

Isolated black humic spots at the centimetre scale are scat-
tered across the basal 20 cm of unit II (OBL 1). The middle
part shows rusty oxidation domains and patchy iron stain-
ing at the decimetre scale due to accumulation of illuvial
sesquioxides and organic matter. The uppermost 20–30 cm
sandy parts are better sorted with very sporadic fine-grained
gravel clasts. The sands are leached due to intensive pod-
solisation. The uppermost 5–10 cm of unit II is formed by a
humic layer (OBL 2).

The overlying 1.7 m thick unit III is characterised by
medium-grained partly deformed sand layers and a basal
clayey silt lens at the decimetre scale (Fig. 7a). The lower
sandy part is dominated by soft sediment deformation struc-
tures recognisable by iron precipitates along lithological
boundaries. Sporadic discontinuous gravel layers occur in
the middle part of the unit. The upper part displays as inten-
sive podsolisation marked by leached sand. Several outsized
clasts occur in the uppermost part of this unit, some of which
are broken. The top of unit III is made of a discontinuous hu-
mic layer at the millimetre to centimetre scale (OBL 3). From
the base of this humic layer subvertical sand-filled cracks
and fissures penetrate the underlying leached sand (Fig. 7c).
From a pedological point of view, unit III can be subdivided
into the following three soil horizons (Fig. 6): an up to 1.3 m
thick Bsh horizon with accumulated illuvial sesquioxides and
organic material, an up to 0.4 m thick intensively podsolised
Ae horizon (leached sand), and an uppermost discontinuous
humic Ah horizon. A hiatus represents the boundary to the
overlying unit IV, which is up to 1.6 m thick and consists of
massive to faintly (sub-)horizontal stratified medium-grained
sand. Iron staining is present in the lower part along lithologi-
cal boundaries. Several burrow-like structures identifiable by
colour changes are visible in the middle part (Fig. 7b). Fur-
ther features are clay bands at the millimetre scale, a faintly
visible 5–10 cm thick humic layer in the lower middle part
(OBL 4), and a sporadic fine-grained gravel stringer in the
upper part (Figs. 5, 6, and 7b). From the top of this unit a
wedge-shaped structure vertically penetrates the underlying
deposits up to unit III (Figs. 6 and 7a).

The uppermost 30 cm thick unit V is dominated by
non-stratified medium-grained sand and isolated fine- to
medium-grained gravel clasts. A significant root penetra-
tion characterises this brownish unit, which represents the
Holocene soil.

4 Age determination of the sands and peat

The chronological approach is threefold: next to absolute dat-
ing of the clastic sediments using OSL, it was attempted to
date the peat using 230Th/U. Additionally, pollen analyses
were conducted for a qualitative allocation of the peat to pos-
sible warm phases.
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Figure 5. Photograph and sketches of the profiles investigated in 2016. A detailed lithological description is given in Fig. 6 and in the main
text.

4.1 Optically stimulated luminescence dating

In total, eight samples were taken for OSL dating from
three different profiles (see Table 1, Fig. 3) by hammering
tubes into freshly cleaned sediment walls. After sampling,
the tubes were sealed to avoid light exposure, and the mate-
rial from immediately around the tubes was sampled for dose
rate determination.

4.1.1 Dose rate determination

The sub-samples for dose rate determination were dried at
120 ◦C and then manually homogenised prior to packing in
Marinelli beakers (∼ 700 g); these were tightly wrapped and
stored for at least 1 month prior to counting with a high-
resolution gamma spectrometer to ensure equilibrium be-
tween radon and its daughter nuclides.

The concentrations of uranium, thorium, and potassium as
given in Table 1 were converted into sediment dose rates
using the conversion factors given in Guérin et al. (2011)
and were modified by the life-time burial water content us-
ing the expressions given in Aitken (1985). For the aeo-
lian sands (LUM 1140 and LUM 1141) a water content of
10± 5 % was used. LUM 1137 originates from the sand in
the depression just above the till. The sand was water-logged
most of its burial time; this made us use a water content of
25± 5 %. Similar conditions were most likely present in the
sands from which sample LUM 470 was taken so that we as-
sumed the same water content for this sample. According to
the hydromorphic features observed in the soils and sands,
the other samples must have undergone changing conditions
from wet to dry, with the wet phases dominating. Therefore,
we assumed a water content of 17.5± 5 % for the remaining
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Table 1. Summary of radionuclide concentrations, total dose rates (DR), and optically stimulated luminescence information.De = equivalent
dose, n= number of aliquots, SE= standard error, and σOD = overdispersion. The water contents used for dose rate calculation are given in
the text.

Quartz OSL

Lab ID 40K±SE U±SE Th±SE DR±SE De±SE n σOD±SE Age±SE DepIRIR290/
(%) (ppm) (ppm) (Gy ka−1) (Gy) (%) (ka) De OSL

LUM 469 0.75± 0.02 0.51± 0.02 1.45± 0.05 0.94± 0.07 64± 3 20 14.4± 1.1 68± 6 1.50± 0.09
LUM 470 0.80± 0.02 0.40± 0.02 1.00± 0.05 0.84± 0.07 88± 7 20 33.4± 2.2 104± 12a 7.09± 1.35
LUM 498 0.93± 0.01 0.71± 0.02 2.17± 0.04 1.16± 0.08 76± 4 20 14.2± 1.3 66± 6 1.50± 0.09
LUM 1137 1.13± 0.01 0.89± 0.01 3.70± 0.02 1.38± 0.08 > 100b 12 33.5± 3.0 > 70b 2.72± 0.39
LUM 1138 0.62± 0.01 0.75± 0.01 1.86± 0.02 0.87± 0.07 74± 3 20 4.8± 2.0 86± 8 1.73± 0.11
LUM 1139 0.85± 0.01 0.79± 0.01 2.08± 0.02 1.11± 0.08 76± 4 12 13.0± 1.1 69± 6 1.49± 0.07
LUM 1140 0.68± 0.01 0.39± 0.01 1.17± 0.01 0.93± 0.08 56± 3 20 16.3± 1.1 60± 6 1.78± 0.24
LUM 1141 0.67± 0.01 0.59± 0.01 1.71± 0.01 1.01± 0.08 43± 2 20 25.4± 1.8 43± 4a 2.42 ± 0.16

a
= poorly bleached, b

= saturated and poorly bleached.

Figure 6. Detailed lithological log of profile 2016-2. The profile is
subdivided into five lithological units I to V, for which a detailed
description is given in the main text.

samples. The cosmic part of the dose rates was determined
following Prescott and Hutton (1994) and added to the sed-
iment dose rate, resulting in the total dose rates summarised
in Table 1.

4.1.2 Equivalent dose measurements

The light-proof tubes containing the sub-sample for equiva-
lent dose determination were opened in red light in the lu-
minescence dating laboratory at the Leibniz Institute for Ap-
plied Geophysics, Hanover. The outer ends of each sample
were discarded to ensure that any sediment exposed to light
is not used.

After dry sieving, the dominating grain size fraction was
chemically treated with hydrochloric acid (HCl), sodium ox-
alate, and hydrogen peroxide in order to remove carbon-
ates, clay remnants, and organic matter, respectively. The
samples were thoroughly washed with distilled water be-
tween each treatment step. After drying the samples at 50 ◦C,
the quartz-rich fraction was separated from the potassium-
rich feldspar (in the following called K-feldspar) fraction by
heavy liquid separation using sodium polytungstate (quartz:
ρ ≥ 2.62 g cm−3; K-feldspar: ρ ≤ 2.58 g cm−3). The dried
quartz extracts were then purified using 40 % hydrofluoric
acid for 1 h, followed by an HCl (30 %) treatment and wash-
ing with distilled water. The etched fractions were sieved
again in order to avoid contamination with small particles.

The coarse-grained quartz extracts were mounted in a sin-
gle layer on stainless steel discs as medium-sized (6 mm)
aliquots using silicon oil as adhesive. Preference would have
been given to smaller aliquots (e.g. Duller, 2008); however,
the samples were not very sensitive, and we chose to increase
the aliquot size for better analytical data. The luminescence
measurements were made with automated Risø TL/OSL-
DA-20 readers (Thomsen et al., 2006), equipped with cali-
brated 90Sr/90Y beta sources allowing for in situ beta irra-
diation. The quartz fractions were stimulated with an array
of blue light-emitting diodes (LEDs), and the luminescence
was detected through a 7.5 mm Hoya U-340 filter in the ul-
traviolet region.

The purity of the quartz extracts was checked by means
of the IR/OSL depletion ratio (Duller, 2003); there was no
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Figure 7. Detailed photographs of profile 2016-2. (a) Features of
lithological units II and III. (b) Burrow-like structures identifiable
by colour changes. (c) Base of OBL 3 with subvertical sand-filled
cracks and fissures penetrating the underlying leached sands.

significant IRSL signal present, indicated by an IR depletion
ratio within 5 % of unity. These initial measurements also
indicated fast decay of the quartz luminescence signal; this is
supported by a comparison with calibration quartz (Fig. 8a).

Preheat plateau measurements were conducted on two
samples (LUM 498 and LUM 1141) to find the most appro-
priate temperature settings for the single-aliquot regenerative
dose (SAR) procedure (Murray and Wintle, 2000). The pre-
heat temperatures varied from 160 to 300 ◦C (three aliquots
per sample), with the cut-heat temperature set 40 ◦C lower.
The results of the tests are shown in Fig. 8. There is no clear
plateau for either of the samples; between 240 and 260 ◦C
there is not much variation, and the errors are small. It was
chosen to set the preheat to 260 ◦C (10 s), and the OSL read-
out was conducted at 125 ◦C for 40 s (Lx). After adminis-
tering a fixed test dose of about 7 Gy to correct for poten-
tial sensitivity changes, the sample was heated to 220 ◦C,
followed by another OSL read-out at 125 ◦C for 40 s (Tx).
Each SAR cycle ended with a blue OSL clean-out at 280 ◦C
(40 s) to minimise recuperation (Murray and Wintle, 2003).
The initial 0.4 s minus a background of the subsequent 1.2 s
was used to build the dose response curves, which were then
fitted with a single exponential function.

Dose recovery tests were conducted on each sample. Three
aliquots per quartz sample were bleached for 400 s with
blue light, followed by a pause of 10 000 s and subsequently
another 400 s illumination with blue light (inside the Risø
TL/OSL DA-20 reader). The aliquots were then given a beta
dose close to their natural dose and measured using the pro-
tocol described above.

Figure 8. (a) Natural decay curve of one representative aliquot
(sample LUM 1140) in comparison to calibration quartz (batch 30)
showing that the quartz OSL signal from the Osterbylund samples
is dominated by the fast component. Preheat plateaus for samples
(a) LUM 498 and (b) LUM 1141. The temperatures shown in red
circles are the preheat temperatures used in the De measurements
and dose recovery experiments.

4.1.3 Testing for incomplete OSL signal resetting

In sedimentary settings in which transport and deposition are
very rapid, the mineral grains might not have received suffi-
cient daylight exposure prior to deposition. Thus, there may
be a residual signal adding to the burial dose, which would
result in age overestimation. While in aeolian sediments poor
signal resetting is very unlikely (e.g. Roberts, 2008), there
may be significant residual signals in glacial and glacioflu-
vial sediments (e.g. King et al., 2014).

Incomplete signal resetting can, for example, be investi-
gated by (i) using a comparison of blue light OSL and in-
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frared stimulated luminescence (IRSL) signals (e.g. Murray
et al., 2012) as these two dosimeters show different bleaching
behaviour and (ii) statistical parameters such as overdisper-
sion (OD) (Galbraith et al., 1999).

To compare the quartz OSL results with IRSL of feldspar,
the post-IR IRSL signal (Buylaert et al., 2012) on coarse-
grained K-feldspar was measured on at least three aliquots
per sample, prepared with a diameter of 2 mm on stainless
steel discs. The aliquots were stimulated with IR LEDs, and
the IRSL signals were collected through a blue filter combi-
nation (Corning 7-59 and Schott BG-39) in the blue-violet
region of the light spectrum. The K-feldspar extracts were
preheated at 320 ◦C (60 s) prior to IR (50 ◦C, 200 s) and post-
IR IR stimulation (290 ◦C, 200 s). The test dose was set to
about 50 % of the expected De (calculated from quartz De,
taking into account the larger dose rate to feldspar). Dose re-
sponse curves were fitted with a single exponential function,
using the initial 2 s minus a background of the last 20 s of the
decay curves. The pIRIR290/OSL ratios are listed in Table 1.

The overdispersion, which expresses the amount of scat-
ter in De distribution on top of the known uncertainties in
measurements and analysis, was calculated for each quartz
sample using Analyst version 4.57. The values are given as
σOD in % and are summarised in Table 1.

4.2 230Th/U dating

For 230Th/U dating all samples were prepared at the Leib-
niz Institute for Applied Geophysics, Hanover, for isotopic
measurements following the leachate/leachate protocol of
Schwarcz and Latham (1989) adopted to peat dissolution re-
quirements (Sierralta et al., 2012; Waas et al., 2011). A dou-
ble spike 233U/236U and a 229Th spike were used for the
quantification of uranium and thorium contents, respectively.

To construct the isochrons at least three sub-samples
were prepared from the horizons of interest. Measurements
were performed with a thermal ionisation mass spectrom-
eter (Finnigan MAT 262 RPQ) applying the double fila-
ment technique with a peak jump routine. Mass fractionation
was controlled during measurement by the double-spike ratio
233U/236U. All isotopic results are given in Table S1. Activi-
ties of the isotopes were calculated from the measured atomic
ratios after normalisation to the double-spike ratio 233U/236U
to correct for the thermal fractionation. The external repro-
ducibility is 0.3 % (2σ ) as determined by the measurements
of the standard solution NBL U112A.

4.3 Pollen analysis

The material taken from the peat (profile 2005-2, Fig. 3)
was prepared for palynological analysis in the laborato-
ries of the Institute of Ecology of Leuphana University
Lüneburg. About 1–3 g per sample was treated by stan-
dard palynological methods, which included dispersion with
10 % NaOH, carbonate removal by 10 % HCl, flotation to

separate organics from the inorganic matrix using sodium
metatungstate (3Na2 ·WO4 · 5WO2 ·H2O), and acetolysis
(Faegri and Iversen, 1989; Moore et al., 1991). One slide of
24× 32 mm per sample was analysed under a transmitted-
light microscope for pollen, non-pollen palynomorphs, and
micro-charcoal particles at 40× magnification. Pollen and
spores were identified using a reference collection of the
Laboratory of the Institute of Ecology, Leuphana Univer-
sity Lüneburg, and the atlases of Moore et al. (1991) and
Beug (2004). Percentages of all recorded taxa are based
on a pollen sum composed of terrestrial taxa; pollen and
spores deriving from cryptogams, aquatic plants, Ericaceae,
and Cyperaceae were excluded. Due to bad pollen preser-
vation the sum of 300 tree pollen per sample could not al-
ways be achieved; only 13 samples contained a statistically
solid amount of pollen and spores. Pollen calculations for di-
agram construction were performed with the software pack-
ages Tilia, Tilia Graph, and Tilia View (Grimm, 1990).

5 Results

5.1 Dose rates and luminescence data

The total dose rates (Table 1) for the sands range from
0.87± 0.07 Gy ka−1 (LUM 1138) to 1.38± 0.08 Gy ka−1

(LUM 1137; Table 1) and are thus rather low. The low ra-
dioactivity in the sediment results in large sensitivity to wa-
ter content assumptions. We did not undertake any field or
laboratory water content measurements on our samples but
put our observations in the field in perspective to dose rate
ranges presented in the literature (Lüthgens et al., 2011; Ken-
zler et al., 2017; Pisarska-Jamroży et al., 2018) and from re-
cent stationary measurements (tensiometer) from the Schuby
station, run by the Landesamt für Landwirtschaft, Umwelt
und ländliche Räume (LLUR), Flintbek (data from Marek
Filipinski, personal communication, 2021), with absolute er-
rors of ±5 % accounting for changes in water content over
time. Nevertheless, the uncertainty of these assumptions on
the final age may have an effect one must not lose sight on
and may bias the results.

The satisfactory measurement performance of equivalent
dose determination is shown by the good dose recovery
test results. The mean measured to given doses range from
0.91± 0.01 (LUM 1139) to 1.09± 0.09 (LUM 470), with an
average of 0.99± 0.02 (n= 8). In addition, recycling ratios
are all within 10 % of unity, and recuperation is below 5 %
for all aliquots, implying reliable De estimates for samples
which are not in saturation (Murray and Wintle, 2003; Win-
tle and Murray, 2006).

The non-saturated (i.e. < 2 ·D0; characteristic satura-
tion limit; Wintle and Murray, 2006) De’s range from
43± 2 Gy (LUM 1141) to 88± 7 Gy (LUM 470), result-
ing in ages between 43± 4 and 104± 12 ka, respectively.
For the latter sample both the σOD of 33.4± 2.2 % and
the pIRIR290/OSL ratio of 7.09± 1.35 indicate, at first
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sight, very poor bleaching. In a well-bleached setting, the
pIRIR290/OSL should be 1.7 or less, taking into account the
about 0.7 Gy ka−1 larger total dose rate of feldspar due to the
internal contribution of K and Rb and negligible anomalous
fading for the pIRIR290 signal (Murray et al., 2012). Where
the quartz De approaches saturation, the pIRIR290/OSL ra-
tio starts to deviate and gets increasingly larger, because the
OSL signal and correspondingly De cannot grow any larger.
Therefore, for samples with quartz Des in or close to satura-
tion, no conclusion on the bleaching can be drawn using the
pIRIR290/OSL ratio. The same holds true for overdispersion.
For a well-bleached sample, it is generally assumed that the
σOD is less than 20 % (e.g. Jacobs et al., 2008). Even though
these assumptions are based on small aliquots and single
grain measurements, these values may be used as approxima-
tions for medium aliquots. According to this, poor signal re-
setting may be present in sample LUM 1137, with an σOD of
33.5±3.0 % (Table 1). In addition, the OSL signal is in satu-
ration, resulting in a minimum age of> 70 ka. As mentioned
above, it is difficult to judge whether the large overdispersion
of this sample exclusively originates from poor bleaching.
Murray et al. (2002) illustrated that the shape and width of
dose distributions change significantly as the dose response
curve approaches saturation. This effect may be observed
here. The pIRIR290/OSL ratio of 2.72± 0.39 again implies
insufficient signal resetting; however, with the OSL being
in saturation the much larger pIRIR290 De reflected in the
ratio is not necessarily due to poor resetting but may be
the true dose. A conclusion on the effect of poor bleaching
cannot be made for this sample. For all other samples, the
σOD is well below 30 % (Table 1). The σOD of 25.4± 1.8 %
from the top sample of profile 2004-1 (LUM 1141) evi-
dences the admixture of older material, as observed in the
field. The pIRIR290/OSL ratio for this sample is 2.42± 0.16
and thus supports the field observations and statistical data.
The pIRIR290/OSL ratios for the other samples range from
1.49± 0.07 (LUM 1139) to 1.78± 0.24 (LUM 1140), indi-
cating, together with the σOD values, good signal resetting
for all those samples.

5.2 Dating of the peat

The uranium and thorium content range between 0.04–
0.24 ppm and 0.12–0.64 ppm, respectively. The highest ura-
nium content is found in the lowermost sample. The concen-
tration of uranium decreases upwards and slightly increases
to the top of the sampled horizons. A similar behaviour
is observed for the thorium content. The activity ratios of
230Th/232Th are small (1.05–1.43), thus indicating a high
amount of detrital material. Isochron dating is mandatory for
such samples. The Rosholt-type I plot showing 230Th/232Th
vs. 234U/232Th for both the black and brown peat layers is
presented in Fig. S3. The scatter in data is large, and the best-
fit line is highly variable. The Rosholt plot therefore provides
first evidence for open-system behaviour of the two data sets.

To finally check for open-system behaviour Osmond plots
were prepared and are presented in Figs. S4 and S5 (Os-
mond et al., 1970; Osmond and Ivanovich, 1992). The data
points scatter much wider than analytical error would sug-
gest, and the data imply open-system behaviour for the whole
succession. Therefore, no age calculations can be performed
(Geyh, 2008).

5.3 Palynological zonation

The zonation of the pollen diagram follows the pollen zona-
tion of Behre (1962), Müller (1974), and Menke and Tynni
(1984) for the Eemian of northern Germany (Fig. 9). For the
zone description given here, we refer only to the subdivision
of the Eemian of Rederstall (Menke and Tynni, 1984) due
to its geographical vicinity to Osterbylund. The depths given
with the zones are the sampling depths in the peat from pro-
file 2005-2 (Fig. 3).

– Zone E IVb (1.45–1.95 m). This part of the diagram
is characterised by high amounts of Corylus between
20 %–40 % and Tilia (around 20 %), whereas Taxus
reaches values of about 10 %. Viscum, Ilex, Hedera he-
lix, as well as Buxus, reach higher values in compari-
son to the preceding and following zone. Quercus and
Ulmus are present with amounts below 10 %; Picea
and Carpinus pollen are occurring with even smaller
amounts. In the lower part of the zone Polypodiaceae
spores are abundant, and Sphagnum spores occur with
higher amounts during this zone compared to the rest
of the investigated material. Towards the top of the
zone the curves of Picea and particularly of Carpinus
strongly increase, whereas Tilia drops below 10 %. Dur-
ing the entire zone Alnus does not reach more than 20 %.
The overlap of Tilia and Corylus decreases, and Carpi-
nus spread marks the upper boundary of zone E IVb.

– Zone E V (1.45–0.75 m). This zone is strongly domi-
nated by Carpinus (up to 40 %), decreasing towards the
top of the zone, and by Picea which increases parallel
to the drop of Carpinus. The amounts of Betula have
increased up to 20 %, whereas Corylus has dropped be-
low about 5 %, disappearing entirely towards the top of
the zone. Alnus is increasing (up to 40 %) in the lower
part of the zone and decreasing towards its top. Abies is
found to occur continuously from about the middle part
of the zone. Quercus slightly increases again towards
the top of zone. Taxus is found in small amounts associ-
ated with the start of the Abies curve. Ilex, Viscum, and
Buxus are only present in small amounts. Myrica and
Ericaceae, mainly Calluna, as well as Poaceae and fur-
ther non-arboreal pollen (NAP), increase as well. As-
comycete spores and the sum of unidentified spores,
probably deriving from mosses, reach rather high val-
ues. The upper boundary of Zone V is drawn at the drop
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Figure 9. Pollen diagram from the brown and black peats sampled in 2004 (profile 2005-2). Pollen calculations for diagram construction
were performed with the software packages Tilia, Tilia Graph, and Tilia View (Grimm, 1990).

of the Carpinus curve below 10 % and the increase of
Picea, Pinus, and Abies.

– Zone E VI (0.05–0.75 m). The youngest pollen zone of
the peat layer is mainly characterised by Picea, Pinus,
Abies, and Betula. Picea reaches high amounts of about
40 %, and the Pinus curve is only increasing towards
the top of the zone. The curves of Ulmus, Quercus,
and Carpinus dropped down to 1 % and below 1 %. Al-
nus is still present with lower amounts of around 10 %.
Within the NAP the first occurrence of Artemisia is as
notable as a remarkable increase of Calluna of up to
nearly 20 %.

6 Discussion

The correlation between the individual profiles is based on
the humic layers representing palaeosols (OBL 1–4) and
the OSL ages. The sedimentological investigations in 2016
lead to the conclusion that the lower diamicton is a sub-
glacial traction till (Evans et al., 2006) deposited during a

Saalian advance of the Scandinavian Ice Sheet. The sand
lenses present (Figs. 5 and 6) could either be formed by
supraglacial, englacial, or subglacial drainage systems and
had been subsequently incorporated into the till. The faintly
stratified upper part of unit I (Fig. 6) could either be a
supraglacial melt-out till (Lukas and Rother, 2016) or the re-
sult of periglacial reworking processes after or during an ice
decaying phase.

OBL 1 is to be correlated with the up to 2 m thick peat
found during the excavations in profiles 2003 and 2005-2,
filling a depression on the surface of the till (see Figs. 2
and 3). Due to the open-system behaviour of the peat, no
230Th/U ages can be presented. The OSL age of 86± 8 ka
(LUM 1138; Fig. 3) from well-bleached sediments well
above OBL 1 shows that the peat is older than the Odderade
interstadial (Fig. 10). The corresponding sample LUM 470
is poorly bleached and cannot add any information. Further
age constraint is exclusively provided by the pollen analy-
sis, as the OSL sample (LUM 1137) underlying the peat is
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Figure 10. Oxygen isotope curve (NGRIP Community Members,
2004) showing the marine isotope stages (MIS) and Late Pleis-
tocene subdivision. After the Eemian (5e; OBL 1) three phases
warm enough for soil formation (interstadials) are present and in
Osterbylund represented by palaeosols: Brörup = OBL 2, Odder-
ade = OBL 3, and Keller=OBL 4.

both poorly bleached and saturated; no accurate age can be
presented for this sample.

The onset of the Corylus, Tilia, and Taxus curves and the
maximum distribution of Corylus characteristic for Eemian
pollen zone E IVa (Menke and Tynni, 1984) are not recorded
in the peat layer of Osterbylund. Peat growth at the investi-
gated location started only during the second half of pollen
zone IV, the Tilia phase of Menke and Tynni (1984) which
is characterised by the dominance of Tilia and of Corylus,
next to Ulmus and Quercus. Taxus only reaches values of
about 10 % during E IVb at Osterbylund, further indicat-
ing that peat growth started only after the pronounced Taxus
phase (Menke and Tynni, 1986) during the younger part
of zone IVb. This zone corresponds to pollen zone IVb of
Behre (1962) and Müller (1974), respectively. According to
varve counts of Eemian deposits at Munster-Breloh and esti-
mates of the duration of pollen zones of Müller (1974), zone
IVb should have had a duration of 1100 years.

The following zone, which seems to be fully preserved,
corresponds to the Carpinus zone E V (Menke and Tynni,
1984) and can be correlated with pollen zones Va and Vb

of Müller (1974). The occurrence of Viscum, Hedera helix,
and Buxus in this and the following zones has been recorded
from other western European Eemian sites (Litt, 1994; Za-
gwijn, 1996; Kühl and Litt, 2007) including adjacent areas
from northern Germany (Behre, 1962; Behre and Lade, 1986;
Müller, 1974; Menke and Tynni, 1984; Ziemus, 1989; Behre
et al., 2005) and characterises the thermal optimum of the in-
terglacial. Müller (1974) has estimated the duration of zone
E V, Va and Vb, to about 4000 years.

The youngest recorded pollen zone in Osterbylund, cor-
related with zone E VI (Menke and Tynni, 1984) and zone
VI of Müller (1974), shows a decrease of deciduous ther-
mophilous trees and the expansion of Picea, Pinus, Abies,
and Betula, marking the beginning of the termination of the
interglacial. The overrepresentation of Picea in the profile of
Osterbylund compared to other profiles from northern Ger-
many might be caused by local peat bog conditions favouring
spruce-rich forest swamps (Menke and Tynni, 1984). This
interpretation and the large occurrence of Calluna in the up-
per zone from about 0.75 m upwards are in agreement with
a change in peat composition. Compared to central or south-
ern German locations (Grüger, 1979; Urban et al., 1991; Litt,
1994; Litt et al., 1996), the relative low representation of
Abies during this late interglacial phase at Osterbylund and
at other northern German sites, e.g. Lichtenberg (Veil et al.,
1994; Hein et al., 2021), is caused by the northern limit of
the distribution area of Abies which lay in Jutland during that
time (Zagwijn, 1989). The transition to pollen zone VII and
the entire pollen zone VII, representing the end of the inter-
glacial, are not recorded as the uppermost part of the peat has
been eroded. Müller (1974) estimated the duration of Eemian
pollen Zone VI (E VI after Menke and Tynni, 1984) to about
1000 years, whereas Kühl and Litt (2007) published a revised
extrapolation of 2000 years.

According to these time estimates, the duration of the
Eemian peat layer formation at Osterbylund, which com-
prises pollen zones E IVb, E V, and most parts of E VI
(Menke and Tynni, 1984; Müller, 1974), can roughly be es-
timated to about 6000 years. Turner (2002) pointed out that
the entire duration of the terrestrial Eemian north of the Alps
or Pyrenees was less than 13 000 years, which matches the
results of Urban (2007) who proposed a duration of 10 ka for
pollen zones E1–E6 of the Eemian sensu stricto (Zagwijn,
1961) and 10 000 years for the entire interglacial. The ter-
restrial Eemian has been correlated with MIS5e of the deep-
sea chronology (Shackleton, 1969, Mangerud et al., 1979;
Fig. 10) and spans the time between about 126 to 115 ka
(summarised in Urban, 2007). The age of the peat layer of
Osterbylund therefore can be estimated to be about 120 ka.

The reworking of the OBL 1 palaeosol will thus have
occurred after MIS5e. Due to the soil formation processes
and the resulting post-depositional changes, the interpreta-
tion of the depositional environment cannot be reconstructed
unambiguously. Slope movements under periglacial condi-
tions are conceivable (Stephan et al., 2017), which filled for-
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mer depressions of the landscape topography (Guerra et al.,
2017). In addition, denudation processes may have partly
contributed to the deposition, at least of the lower and mid-
dle part of unit II (Fig. 6). In this context, the occurrence of
channel-like structures filled with granules is of importance.
The better sorting of the upper sandy part of unit II might
indicate that aeolian processes have also contributed to the
deposition. In unit II the Ah horizon at the top (=OBL 2)
illustrates a halt in sedimentation and consequently a hiatus;
at least some erosion of the former Ah horizon is likely. The
age of 86± 8 ka (LUM 1138, Fig. 3) from just below OBL 2
puts the formation of this palaeosol either into the Brörup or
the Odderade interstadial (Fig. 10). Considering that there is
no indication of a hiatus, it is more likely that OBL 2 is to be
correlated with the Brörup interstadial.

The formation of unit III (Fig. 6), which brackets OBL 2
and OBL 3 (Figs. 3 and 4), is probably related to slope
movements (Stephan et al., 2017, and their Fig. 7) under
periglacial conditions (Millar, 2013). Especially soft sedi-
ment deformation structures indicate gravity-induced fail-
ures along the basin slope (Blair and McPherson, 2009). This
assumption is supported by the outsized clasts within the up-
per part of this sand package, which have been transported
downslope. Furthermore, the sand-filled cracks and fissures
suggest freeze–thaw action and the existence of permafrost
and thus subarctic conditions. The seasonal thawing of the
active layer induced frost creeping of larger stones and boul-
ders down the slope. Some of these boulders show fragmen-
tation due to volume expansion of freezing water in fissures.
This clearly implies cold climate conditions during the depo-
sition of the sandy part of this unit. OBL 3 developed most
likely under an interstadial climate after 69± 6 ka (LUM
1139), which is the age of the underlying sand. The equiva-
lent sample LUM 469 was dated to 68± 6 ka, supporting the
age constrain. According to these dating results, one could
assign the soil formation to either the Odderade or Keller in-
terstadial (Fig. 10).

Above the OBL 3 palaeosol there are aeolian sands, for
which good OSL signal resetting had to be expected. While
the age of 60± 6 ka (LUM 1140) just below the humic
horizon of OBL 4 (Fig. 3) seems reliable according to the
OSL testing and statistical parameters, the sand covering the
palaeosol was poorly bleached, which results in a possibly
overestimated age of 43± 4 ka (LUM 1141). If that age was
the true depositional age, it would fall into MIS3, thus im-
plying a significant hiatus, for which no field evidence was
present. From the sedimentological observations it is not pos-
sible to reconstruct a distinct depositional environment to
these sands (Fig. 6). The burrow-like structures across this
unit display the occurrence of digging animals such as ro-
dents. If true, this could indicate a tundra-steppe ecosystem
in a periglacial landscape (Dupal et al., 2013). This assump-
tion is supported by the existence of ice wedge casts. If such
an ice wedge was accidentally sampled, even younger mate-
rial than representative for the sandy layer could have been

sampled. It is therefore not possible to finally conclude on
the age of the sand overlying OBL 4.

However, there are no phases warm enough for soil for-
mation during this period, and despite this unknown, assign-
ment of this humic horizon to the Keller interstadial (Fig. 10)
seems feasible, thereby assigning OBL 3 to the Odderade in-
terstadial. The sandy deposits of the upper section of unit
VI would therefore belong to the Ellund cold phase or even
younger (Fig. 10).

Because of the unequivocal palynological assignment of
the peat to the Eemian, an upper limit to the age of the
palaeosols (OBL 2–4) above the peat is clear. Thus, the entire
push moraine complex (Fig. 1) has to be of Saalian age. This
observation makes a Weichselian glacial margin even further
west unlikely, i.e. south of the Danish border, as discussed by
Houmark-Nielsen (2007). All palaeosols formed during the
early Weichselian (MIS 5a–d), which is in agreement with
the observations of Gripp et al. (1965). While the pollen data
provide a clear view on the age of OBL 1, the luminescence
data cannot be interpreted unambiguously; they have to be
seen in their entirety and not on their own.

7 Conclusions

The aim of this study was not only to unravel the age of
the push moraine complex Wallsbüll-Böxlund, Schleswig-
Holstein, but also to assign the peat and palaeosols present
in depressions in Osterbylund to interglacials and interstadi-
als in order to add another jigsaw piece to the understanding
of the glacial history in the western Baltic region.

The attempt to date the peat layers using 230Th/U dating
failed due to the open-system behaviour of both the brown
and the black peat. However, the pollen analyses allowed for
clear assignment of the peat and thus of the palaeosol OBL 1
to the Eemian. This coincides with the saturated and cor-
respondingly old age of the sands underlying the peat; the
sands above the peat were dated to the early Weichselian.
While for palaeosol OBL 2 the assignment to the Brörup in-
terstadial is clear, the correlation of the palaeosols OBL 3
and OBL 4 to any interstadial is hampered due to the lim-
ited luminescence data available. Poor luminescence signal
resetting especially of the sands above OBL 4 makes an as-
sessment of an upper limit for the palaeosol formation diffi-
cult. However, from the field, as well as luminescence data,
it is most likely that OBL 3 formed during the Odderade in-
terstadial and OBL 4 during the Keller interstadial. This ob-
servation contrasts previous findings claiming that only two
post-Eemian thermomers, i.e. Brörup and Odderade intersta-
dials, are to be expected due to the insolation of the Northern
Hemisphere. The weakly developed OBL 4 seems to indicate
though that warm oceanic currents in the North Atlantic and
correspondingly in northern Germany resulted in another –
terrestrial – third weak thermomer and is thus not unique to
marine settings and ice cores.
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With Eemian up to early Weichselian ages of the peat and
palaeosols, filling the depression it is evident that the push
moraine complex is of Saalian age; a Weichselian ice mar-
gin further in the west as assumed in other studies is there-
fore unlikely. It is certainly worth investigating the position
and ages of the Weichselian ice margins in the future as this
would complement the studies from Denmark and NE Ger-
many.
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1 Introduction

Germany gave a fresh start to its site selection procedure for
a repository for high-level radioactive waste with the Reposi-
tory Site Selection Act (StandAG, 2017) in 2017. The proce-
dure consists of three phases; Phase I is split into two steps.
BGE published the Sub-areas Interim Report in 2020 to con-
clude Step 1 (BGE, 2020). Ninety areas passed the geosci-
entific criteria and were declared sub-areas with a generally
favourable geological situation.

To select a site for a high-level radioactive waste repos-
itory, the performance of the possible sites as disposal sys-
tems that safely contain radionuclides over 1 million years
has to be investigated. Hence, in Step 2 of Phase I, represen-
tative preliminary safety assessments are an important part
of the regulatory toolbox for finding the most suitable ar-
eas. They are performed according to the Disposal Safety
Analysis Ordinance (EndlSiAnfV, 2020; EndlSiUntV, 2020)
of 2020. Their results will help in narrowing down the sub-
areas, which currently cover approximately 54 % of the Ger-
man land surface, to a small number of siting regions that
will be subject to surface exploration in Phase II. Preliminary
safety assessments are performed in each phase of the Ger-
man site selection procedure. The representative preliminary
safety assessments of Phase I have a limited scope compared
to the assessments in Phases II and III (EndlSiAnfV, 2020).
For a more detailed overview of the site selection process and

the role of the preliminary safety assessments, see Hoyer et
al. (2021).

2 Evolutions of the disposal system

The safety of a disposal system is not only dependent on the
present-day geological situation of its site, a good repository
design, and an excellent technological implementation dur-
ing construction and operation of the repository but also es-
pecially on the future behaviour of the whole system. Since
safety has to be achieved for 1 million years, a well-founded,
circumspect estimate of the processes acting in and on the
repository becomes vital. In the representative preliminary
safety assessments, the focus is on future processes in the
geosphere, with the challenge to estimate and attach proba-
bilities and risks to any of these geogenic processes1.

The range of possible evolutions of the system is the
core of a safety assessment. They are ordered by likelihood
(§ 3 EndlSiAnfV):

1. the expected evolution is the most likely development
from the most likely initial state of the disposal system,
and

1A term newly used in the context of nuclear waste disposal in
the Site Selection Act. It is interpreted as those geogenic processes
that would occur independently of the repository and is used to dis-
tinguish them from technogenic processes, which are dependent on
the existence of the repository structures.
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2. deviating evolutions are not expected, but they are con-
sidered as far as they cannot be ruled out from occurring
in the future.

For now, the geogenic processes are the starting point for
developing the evolutions (§ 7 EndlSiUntV). In later phases,
all components and processes in the disposal system can be
a starting point for deviating evolutions.

Any attempt at forecasting the future is likely to be wrong
to some degree. The aim of a safety assessment structured
around the scenario method (a particular method of think-
ing about the future, further explained below) is to optimise
the repository in such a way that deviating unexpected de-
velopments are very unlikely to compromise the safety of
the repository – as far as it is humanly possible to tell. To
achieve this, it is necessary to stretch the imagination beyond
extrapolating past or current trends and data observations, to
examine all assumptions, and to question the sufficiency of
the data used.

Sandia National Laboratories first applied the scenario
methodology in the context of nuclear disposal in the USA,
after the method was previously used for policy strategy de-
velopment for both governments and businesses (Cranwell
et al., 1990). As part of an OECD-NEA (Organisation for
Economic Co-operation and Development Nuclear Energy
Agency) initiative, several national nuclear waste disposal
organisations started using the scenario methodology. Since
then, it has become a standard instrument for the develop-
ment of a safety case (IAEA, 2012).

A scenario study requires

1. a clearly defined scope (area of interest, time period,
goals),

2. a compilation of knowledge about the current state (rel-
evant actors, facts, well-known processes and trends in
science and society), and

3. an understanding of which elements of the current state
are least understood or least predictable in their prop-
erties or behaviour while posing the greatest risk to the
goals (MacKay and McKiernan, 2018).

In a safety assessment for a potential nuclear waste disposal
site, the scope is defined by national regulations. In the Ger-
man site selection process, the areas of interest are the sub-
areas identified in Step 1 of Phase I. The period of interest is
1 million years after closure of the repository; the goal is a
disposal system that keeps within the limits of radionuclide
mass and number of atoms transported beyond the essential
barriers as given by the Disposal Safety Requirements Or-
dinance (EndlSiAnfV, 2020; StandAG, 2017). Dose calcula-
tions are excluded from the representative preliminary safety
assessments but will be part of later assessments.

The compilation of knowledge about the current state and
trends is limited to a description of the components and pro-
cesses in the geosphere and the repository by the EndlSi-
UntV. Future human actions will not be taken into account,

and at this stage, it is permitted to assume that the repository
was successfully constructed and closed according to the cur-
rent repository concept. Possible risks related to these aspects
will be included in the preliminary safety assessments from
Phase II onward.

Safety assessments for potential nuclear waste disposal
sites usually build up a database called a “FEP catalogue”
to document the description of the features, events, and pro-
cesses studied in the safety assessment. SKB developed this
highly structured system description for their safety assess-
ments (Swedish Nuclear Fuel and Waste Management Co.,
1989). Today, the OECD-NEA provides the International
FEP List as a starting point or auditing instrument for new
safety assessment projects (Capouet et al., 2019).

A catalogue entry of a feature, event, or process will typ-
ically include a short definition and a longer description, a
statement on whether the element is relevant to the reposi-
tory and why, the times at which the element is relevant, and
its influence on other elements with a record of the reasoning
behind the identified influence (Fig. 1).

The complete FEP catalogue holds a network of direct
and indirect influences that have to be assessed for their
safety relevance. This is done by analysing the performance
of safety functions of different barriers in the disposal system
over time.

The third part of a scenario study is an examination of
knowledge, lack of knowledge, and risk. Uncertainties for
all features and processes under consideration need to be
mapped out and quantified wherever possible.

3 Example – subglacial tunnel valley erosion

Subglacial tunnel valley erosion is a geogenic process (occur-
ring independently of the existence of a repository system)
that has produced large-scale linear erosional features during
past glaciations of what is now Germany (e.g. Weitkamp and
Bebiolka, 2017). The process that leads to the development
of subglacial tunnel valleys is still under debate (Weitkamp
and Bebiolka, 2017). Indications that tunnel valleys are filled
in quickly (most commonly with coarse material or locally
reworked sediments) but can be reactivated in successive
glaciations have been observed (Kuster and Meyer, 1979).

The minimum depth for a containment-providing rock
zone (CRZ)2 is 300 m below present ground surface. How-
ever, the integrity of the CRZ has to hold for 1 million years.
Therefore, the depth of the repository must be below the
depth reached by direct and indirect effects of exogenic pro-
cesses, and there must be no reasonable doubt about the long-
term integrity of the barriers in the disposal system, particu-
larly the host rock (§ 23 StandAG). If subglacial tunnel val-
ley erosion can be expected to occur with any glaciation, the

2The part of the host rock that ensures the safe containment of
the radioactive waste in interaction with technical and geotechnical
barriers (§ 2 Nr. 9 StandAG).
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Figure 1. Sketch of FEP catalogue entry for the process of subglacial tunnel valley erosion. These are only examples of possible influences
within the system. The final FEP catalogue entry in the representative preliminary safety assessments performed by BGE may look different
and include different conclusions.

likely intensity of the process (erosional depth) is the key to
estimating whether the siting of a repository at a certain loca-
tion and depth can ensure the long-term integrity of the CRZ.

In the safety assessment, the process will first be entered
into the FEP catalogue (Fig. 1). Its definition distinguishes it
from other forms of erosion. The description contains a sum-
mary of the current understanding of the process in the scien-
tific community, as well as the areas affected by the process
in the past.

Next, the properties of features in the catalogue that can
directly influence the manifestation of the process are identi-
fied, as are the properties of features that are in turn directly
affected by the process. Tunnel valley erosion can locally re-
duce the thickness of the overburden of the CRZ, as well as
change the permeability when the valley is filled up again.
Assuming, for instance, 10 future glaciations over 1 million
years, then multiple potential erosion “events” can affect a
potential disposal system.

4 Consequences of expected and deviating
evolutions

Uncertainty about the processes that form subglacial tunnel
valleys could invite the definition of a vertical safety margin,
for example 100 m. This strategy, though, has issues: to start
with, increasing the depth of the repository may offer more
long-term safety, but it can increase short-term risks during
the operational phase, depending on the host rock, since the
drilling of the mine can become more difficult.

Another issue is the problem of missing knowledge (epis-
temic): how can we know that we have observed the deep-
est possible tunnel valley? For example, in the Netherlands,
a maximum erosion depth of 500 m was known. Reprocess-
ing of existing seismic data, however, led to the discovery

of “new” tunnel valleys with depths of nearly 600 m be-
low ground surface (Ten Veen, 2015). This necessitated a
re-evaluation of the risk tunnel valley erosion posits for ra-
dioactive waste disposal, increasing the maximum observed
depth by approximately 100 m.

The deepest known tunnel valley in Germany is the so-
called Hagenower Rinne with a depth of 584 m below present
ground surface (Kuster and Meyer, 1979), but there is no way
of knowing at this time whether that is the deepest valley.
Tunnel valley research in the North Sea allows for the con-
clusion that tunnel valleys will be found when specifically
(re)processing data, e.g. seismic data (e.g. Lutz et al., 2009).
An absence of tunnel valleys on a thematic map does not
imply that there are none present. It may just mean no appro-
priate study has been conducted there to gain significant data,
or existing data were not analysed for this special purpose.

This leads to our understanding of the risks of tunnel val-
ley erosion and how we assess which evolution is expected
and which is deviating. It becomes hard to judge whether a
safety buffer of 100 m below the deepest known tunnel valley
is actually a sensible conservative measure. To account for
this, Weitkamp and Bebiolka (2017) suggest zones of dif-
ferent representative predicted depths of erosion. Even so,
this could either exclude possibly safe sites from further con-
sideration by strongly overestimating tunnel valley erosion
depths or include too many by underestimating them.

5 Conclusions

Considering the future with scenario methods should in-
evitably call into question the extent and certainty of our
knowledge and understanding regarding both the past and the
present. Particularly in high-reliability institutions such as a
disposal system for high-level radioactive waste, the conse-
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quences of error need to be minimised as far as possible. A
disposal system needs to be sited and conceptualised with
sufficient safety reserves to accommodate a range of future
evolutions beyond the expected evolution.
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Abstract: 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.

Kurzfassung: Die Lössprofile des ozeanisch beeinflussten europäischen Lössgürtels wurden häufig durch Ober-
flächenabfluss oder periglaziale Prozesse umgelagert. Die Interpretation solcher atypischen LPS ist
nicht einfach und sie können nicht ohne weiteres für regionale bis kontinentale Korrelationen ver-
wendet werden. In den letzten Jahren haben solche Sequenzen jedoch zunehmend an Bedeutung
gewonnen, da sie wertvolle Archive für die regionale Landschaftsdynamik darstellen. In dieser Studie
wurde das Lössprofil 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 entschlüsseln. Die Farbadaten und die Korngrößenverteilungen zeigen, dass das
Profil vom späten Mittelpleniglazial bis zum frühen Oberpleniglazial in einem sumpfigen Feuchtge-
biet lag. Altersinversionen aus Lumineszenzdatierungen gepaart mit geochemischen und sedimentol-
ogischen Daten lassen auf lang anhaltende Erosionsprozesse während des frühen Oberen Pleniglazials
schließen, die auf ein relativ kleines Einzugsgebiet mit kurzen Transportstrecken beschränkt waren.
Die obere Abfolge zeigt typische Markerhorizonte für das Untersuchungsgebiet und weist auf raue,
kalt-trockene Bedingungen für das späte Obere Pleniglazial hin. Im Vergleich zu anderen ter-
restrischen Archiven zeigt das Siersdorfer LPS, dass die Niederrheinische Bucht vielfältiger war als
bisher angenommen, nicht nur in Bezug auf ihre geomorphologischen Gegebenheiten und die damit
verbundenen Prozesse, sondern auch in Bezug auf ihre Ökosysteme und Lebensräume.

1 Introduction

Throughout the last few decades, loess–palaeosol sequences
(LPSs) have been frequently analysed to reconstruct palaeo-
climatic and palaeoenvironmental conditions of the terres-
trial realms (Hatté et al., 2001, 2013; Marković 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 (Marković 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 (Svirčev 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; Marković 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 IIa sensu; Lehmkuhl et al., 2021),

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; Skurzyński 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 (Marković 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; Sümegi et
al., 2015; Hošek 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 palaeoenvironmental 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 (Böse 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; Kühn et al., 2017). This also applies

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 (Marković 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 (115–72 ka) complex, consisting of a grey
forest soil and a steppe-like soil. The Lower Pleniglacial
(LPG; 70–58 ka) 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; 58–32 ka) 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 Börde region of Jülich (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–
75 m a.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. 1 km 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 3.5 m 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 palaeosol
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. 3 m 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 (0.9–1.7 m) 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

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
< 2 mm, and two subsamples of each sample (0.1 and 0.3 g)
were pre-treated with 0.7 mL H2O2 (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 Na4P2O7

q10H2O 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
RI: 0.1) (Özer 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 µm) and dried at
105 ◦C for 12 h. 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 19.2 MPa for 120 s. 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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Figure 2. (a) Simplified stratigraphic sketch of the Siersdorf loess–palaeosol sequence. (b) Short description of main stratigraphic units.
(c) Photo of the sequence after sampling (photo: Stephan Pötter). (d) Laminated loess package and basal palaeosol (photo: Philipp Schulte).
(e) Ice-wedge cast, approx. 3 m left of the sampled sequence, piercing the underlying layers for more than 2 m (photo: Stephan Pötter).

Figure 3. Heatmap visualisation of grain size distribution displayed with various sedimentological, geochemical, and spectrophotometric
proxies of the Siersdorf LPS. Stratigraphic units (I–V) are shown for orientation.
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Figure 4. Heatmap visualisation of the difference between two optical models (1GSD) displayed with various sedimentological, geochem-
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 HCl (10 %), H2O2 (10 %), and Na2C2O4
(0.01 N) to remove carbonates, organic components, and ag-
gregates. The 4–11 µm fraction was then separated by set-
tling due to gravitation and centrifugation following Frechen
et al. (1996). To derive pure quartz, the 4–11 µm fraction was
etched with HF (37 %) and finally washed with HCl (10 %).

Equivalent dose measurements were performed on an
automated Risø TL/OSL DA-15 reader (DTU Nutech,
Roskilde, Denmark) equipped with a calibrated 90Sr / 90Y
beta source. Discs were prepared by pipetting a suspen-
sion of 1 mg sediment and 0.2 mL 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
(410 nm). 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 (pIRIR290)
following Thiel et al. (2011). For quartz fine-grain samples,

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 pIRIR290 signals. For each
sample, the palaeodose was calculated based on 5–12 ac-
cepted aliquots. Aliquots outside a 2σ 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

https://doi.org/10.5194/egqsj-72-77-2023 E&G Quaternary Sci. J., 72, 77–94, 2023



84 S. Pötter et al.: Pleniglacial dynamics in an oceanic central European loess landscape

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
a mode 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
a unimodal 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. Palaeodoses 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

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± 1 Gyr (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
16 ka. 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 23 ka. The quartz and
pIRIR290 ages calculated for samples SID L4 and L5 overlap
within their uncertainties. The quartz and pIRIR290 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 I

Unit I shows uniform patterns in most of the analysed proxy
data. Especially the GSD and 1GSD show almost no vari-
ations within this unit (Figs. 3 and 4). The low, uniform
1GSD 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 1GSD, 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. 2 m thick (Fig. S4). The
colour and texture change towards the top, as the top is more

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 Bína LPS in Slovakia, although
these were correlated to the Lower Pleniglacial (marine iso-
tope stage (MIS) 4) (Hošek 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 Unit II

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

channel. The GSD, especially with the high fluctuations of
sand contents, excludes in situ soil-forming processes in this
unit, although the1GSD 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 1GSD 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 (Pötter 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 Unit III

Unit III 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
1GSD 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 1GSD 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.

5.1.5 Unit V

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± 1.8 ka (Q) and 22.6± 1.2 ka (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; Hošek 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 1GSD

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. (c) Formation
of layered unit by relocation of silty and sandy material by surface
runoff in the early UPG (UPGa1). (d) Periglacial overprinting and
deformation of the layered unit during the LGM (UPGa2). (e) Typ-
ical, subaerial loess formation during the UPGb.

signals (Zens et al., 2018), organic carbon contents (Fischer
et al., 2021), or the a* values increase in palaeosols (Krauß 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
36.7–26.5 ka (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
21 ka. The ages, especially derived from quartz minerals
(L4: 29.6± 3.1 ka; L3: 20.7± 1.2 ka), 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

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; Marković
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 (Krauß et al.,
2021; Antoine et al., 2016; Rahimzadeh et al., 2021; Krauß
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± 1.5 ka (feldspar: 19.2± 1.1 ka), 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± 0.8 ka). The quartz age
(34.4± 2.5 ka) 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 (Fernández-Steeger et al., 2011; Reicherter et al., 2011;
Grützner 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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Zech, R., Zech, M., Marković, S., Hambach, U., and Huang,
Y.: Humid glacials, arid interglacials? Critical thoughts on
pedogenesis and paleoclimate based on multi-proxy analy-
ses of the loess–paleosol sequence Crvenka, Northern Ser-
bia, Palaeogeogr. Palaeoclimatol. Palaeoecol., 387, 165–175,
https://doi.org/10.1016/j.palaeo.2013.07.023, 2013.

Zens, J., Zeeden, C., Römer, W., Fuchs, M., Klasen, N.,
and Lehmkuhl, F.: The Eltville Tephra (Western Eu-
rope) age revised: Integrating stratigraphic and dating
information from different Last Glacial loess localities,
Palaeogeogr. Palaeoclimatol. Palaeoecol., 466, 240–251,
https://doi.org/10.1016/j.palaeo.2016.11.033, 2017.

Zens, J., Schulte, P., Klasen, N., Krauß, L., Pirson, S., Burow,
C., Brill, D., Eckmeier, E., Kels, H., Zeeden, C., Spagna,
P., and Lehmkuhl, F.: OSL chronologies of paleoenvironmen-
tal dynamics recorded by loess-paleosol sequences from Eu-
rope: Case studies from the Rhine-Meuse area and the Neckar
Basin, Palaeogeogr. Palaeoclimatol. Palaeoecol., 509, 105–125,
https://doi.org/10.1016/j.palaeo.2017.07.019, 2018.

E&G Quaternary Sci. J., 72, 77–94, 2023 https://doi.org/10.5194/egqsj-72-77-2023

https://doi.org/10.1016/j.quaint.2010.10.032
https://doi.org/10.1016/j.quascirev.2018.09.037
https://doi.org/10.3389/feart.2020.00276
https://doi.org/10.1016/j.catena.2022.106076
https://doi.org/10.1016/j.quaint.2015.04.028
https://doi.org/10.3285/eg.60.1.12
https://doi.org/10.1016/j.palaeo.2013.07.023
https://doi.org/10.1016/j.palaeo.2016.11.033
https://doi.org/10.1016/j.palaeo.2017.07.019


E&G Quaternary Sci. J., 72, 95–111, 2023
https://doi.org/10.5194/egqsj-72-95-2023
© Author(s) 2023. This work is distributed under
the Creative Commons Attribution 4.0 License.

R
esearch

article

Late Weichselian–Holocene valley development of the Elbe
valley near Dresden – linking sedimentation, soil
formation and archaeology
Christian Tinapp1,2, Johannes Selzer2, Norman Döhlert-Albani1, Birgit Fischer1, Susann Heinrich3,
Christoph Herbig4, Frauke Kreienbrink1, Tobias Lauer3,5, Birgit Schneider2, and Harald Stäuble1

1Saxonian Archaeological Heritage Office, Zur Wetterwarte 7, 01109 Dresden, Germany
2Institute of Geography, Leipzig University, Johannisallee 19a, 04103 Leipzig, Germany
3Max Planck Institute for Evolutionary Anthropology, Deutscher Platz 6, 04103 Leipzig, Germany
4independent researcher: Am Dorf 12, 63517 Rodenbach, Germany
5Department of Geosciences, University of Tübingen, Schnarrenbergerstrasse 94–96, 72076 Tübingen, Germany

Correspondence: Christian Tinapp (christian.tinapp@lfa.sachsen.de)
and Johannes Selzer (johannes.selzer@bodengeo.de)

Relevant dates: Received: 21 July 2022 – Revised: 13 March 2023 – Accepted: 22 March 2023 –
Published: 16 May 2023

How to cite: Tinapp, C., Selzer, J., Döhlert-Albani, N., Fischer, B., Heinrich, S., Herbig, C., Kreienbrink, F., Lauer,
T., Schneider, B., and Stäuble, H.: Late Weichselian–Holocene valley development of the Elbe valley
near Dresden – linking sedimentation, soil formation and archaeology, E&G Quaternary Sci. J., 72,
95–111, https://doi.org/10.5194/egqsj-72-95-2023, 2023.

Abstract: Valley infills are essential for understanding changes in hydrology and landscape. Anthropogenic ac-
tivities are proven by prehistoric settlement remains, which mark distinct sediments and soils as usable
land during certain time periods. In 2009 and 2018/19, excavations by the Saxonian Archaeological
Heritage Office were conducted in the Elbe valley between Meißen and Dresden, preceding the con-
struction of two natural gas pipelines. As a result, two important multicultural prehistoric sites were
discovered on the Lower Weichselian Terrace (LWT) in different sediments and on varying strati-
graphic levels.

During this study sediments and soils at the excavation sites and throughout the pipe trench have
been documented. Micromorphological, sedimentological and geochemical investigations and anal-
yses of archaeobotanical and archaeological finds, complemented by 14C and optically stimulated
luminescence (OSL) dating, enabled deciphering the structure of sediments and soils. Two major sites
were the focus. At the Clieben site, an early Neolithic settlement and former topsoil, developed in
a Weichselian valley loam above gravels and sands, are covered by younger overbank fines. At the
Brockwitz site, shallow incision channels in the LWT were filled with clayey overbank fines during
the Preboreal. An overprinting humic soil horizon was later anthropogenically overprinted during the
early and middle Neolithic period. An omnipresent layer of Subboreal or younger overbank fines, cov-
ering the majority of the LWT in combination with the spatially confined Preboreal overbank fines,
mirrors the ever-growing risk of flooding in a formerly attractive settlement area.

Published by Copernicus Publications on behalf of the Deutsche Quartärvereinigung (DEUQUA) e.V.



96 C. Tinapp et al.: Linking sedimentation, soil formation and archaeology

Kurzfassung: Talsedimente erlauben wichtige Einblicke in Veränderungen der Landschaft und der Hydrologie.
Prähistorische anthropogene Aktivitäten hinterlassen Spuren in Sediment und Boden, die für bes-
timmte Phasen die Nutzbarkeit belegen. In den Jahren 2009 und 2018/19 führte der Bau von zwei
Erdgasleitungen zu Ausgrabungen des Landesamtes für Archäologie Sachsen im Elbetal zwischen
Meißen und Dresden. Zwei mehrphasige Siedlungsplätze wurden auf der Tieferen Niederterrasse
(Lower Weichselian Terrace, LWT) entdeckt. Die Funde lagen in unterschiedlichen Sedimenten auf
verschiedenen stratigraphischen Niveaus. Im Rahmen der Arbeiten wurden Sedimente und Böden im
Bereich der Ausgrabungsplätze und im Bereich des Rohrgrabens aufgenommen. Mikromorphologis-
che, sedimentologische, geochemische Untersuchungen, archäobotanische und archäologische Funde
sowie 14C- und OSL-Datierungen ermöglichen die zeitliche Einordnung der Sedimente und Böden.
Dabei stehen zwei größere Areale im Fokus. Im Cliebener Untersuchungsareal liegen frühneolithis-
che Siedlungsreste im Bereich eines begrabenen Bodens aus weichselzeitlichem Tallehm über Kiesen
und Sanden, die von jüngeren Auenlehmen überdeckt werden. Im Brockwitzer Untersuchungsareal
befinden sich flach eingeschnittene Rinnen in der LWT, die bereits im Präboreal mit tonigem Lehm
verfüllt wurden. Ein in diesen Sedimenten entstandener humoser Oberbodenhorizont wurde durch
anthropogene Aktivitäten während des Früh- und Mittelneolithikums überprägt. Nahezu die gesamte
LWT wird von jüngeren Auenlehmen überdeckt, die seit dem Subboreal abgelagert wurden. Dies
belegt die zunehmende Gefahr von Überschwemmungen auf einer ehemals siedlungsgünstigen Ter-
rassenfläche.

1 Introduction

Archaeological sites in river valleys are important sources to
reconstruct the Late Pleistocene–Holocene landscape devel-
opment. This is due to the fact that prehistoric settlements
or activities on the surfaces of different sediment and soil
types demonstrate their accessibility for at least temporal site
usage and that this accessibility strongly interacted with the
river dynamics controlled by different external factors – tec-
tonic activity, climate change, base level change and anthro-
pogenic activity (Kaiser et al., 2012; Houben et al., 2013;
Notebaert et al., 2018; Tinapp et al., 2019; Khoravichenar et
al., 2020; von Suchodoletz et al., 2018, 2022).

The Elbe is the largest river in northeastern Germany.
However, compared with other important central European
river systems, such as the Rhine (Schirmer 1995), Vistula
(Starkel et al., 2006) or Danube (Schellmann, 2018), late
Weichselian–Holocene river and valley development is only
fragmentarily understood (Kaiser et al., 2012). This is also
caused by the fact that many archaeological sites within
the Elbe valley still lack precise allocations to distinct sed-
imentary units (Ullrich and Ender, 2014; Conrad and Ender,
2016; Meller and Friederich, 2018). During the last years two
pipeline construction projects have facilitated valuable tran-
sects across the sediments of the upper Elbe valley between
the cities of Dresden and Meißen, allowing for studying the
late Weichselian–Holocene evolution.

In the course of the archaeological excavations dur-
ing the construction of the OPAL (Ostsee-Pipeline-
Anbindungsleitung) natural gas pipeline in 2009, performed
by the Saxonian Archaeological Heritage Office, an early
Neolithic, middle Neolithic, late Bronze Age and medieval

Slavic settlement were discovered (Steinmann, 2010). Later
on, the construction of the EUGAL (Europäische Gas-
Anbindungsleitung) pipeline parallel to the OPAL in 2019
allowed for further excavations, resulting in the expansion of
already known and the discovery of new archaeological sites
such as an early Mesolithic camp site and a middle Neolithic
palisade/ditch enclosure (Kreienbrink et al., 2020; Döhlert-
Albani et al., 2022; Stäuble et al., 2022).

Nearly all those archaeological sites were subsequently
covered by overbank fines, whereas their archaeological fea-
tures cut different older sediment units mostly belonging
to the Lower Weichselian Terrace (LWT; “Tiefere weich-
selzeitliche Niederterrasse”) of the Elbe River. Former geo-
logic references indicate the sediments of the LWT to be sand
and gravels with a younger cover of sandy loam or loamy
sand called “valley loam” (Tallehm; Alexowsky, 2005). How-
ever, the discovery of not yet described clayey sediments
with an overprinting palaeosol covering the LWT at the
Brockwitz study site made further studies necessary.

Hence, this study aims to reconstruct the late Weichselian–
Holocene evolution of the Elbe valley between the cities
of Dresden and Meißen. This will allow for valid conclu-
sions about former human occupation and its geomorphic–
palaeoenvironmental context in the river valley and a com-
parison with the fluvial histories of other central Euro-
pean river systems. During our study we applied a compre-
hensive geoarchaeological approach that closely combined
geoscientific methods with the archaeological excavations,
an approach that is necessary to precisely study human–
environmental interactions but that has been not very often
systematically applied so far (von Suchodoletz et al., 2020).
Our geoscientific set of methods encompassed stratigraph-
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Figure 1. (a) The location of the study site with the Elbe River
course and (b) the EUGAL pipeline in the Elbe valley with the study
site (© GeoBasis-DE/BKG 2020, DGM1-GeoSN, OpenStreetMap
contributors 2020 under the Open Data Commons Open Database
License (ODbL) v1.0).

ical, micromorphological, sedimentological–geochemical
and archaeobotanical methods as well as radiocarbon and lu-
minescence dating and enabled the analysis of the formerly
and newly detected fluvial sediments and palaeosols and their
precise relations with former human activities.

2 Regional setting

The study area is situated in the northwestern Dresden basin
(“Dresdner Elbtalweitung”), between the cities of Coswig
and Meißen on the right Elbe banks (Figs. 1 and 2). Here,
the about 3–8 km wide Dresden basin is framed by the West
Lusatian Hill Country and Uplands (“Westlausitzer Hügel-
und Bergland”) granite massif to the east and northeast, the
Mulde Loess Hills (“Mulde-Lösshügelland”) to the west and
the hilly “Großenhainer Pflege” to the north (Mannsfeld and
Bernhardt, 2008; Tinapp, 2022).

Being one of central Europe’s largest rivers (river length
of 1094 km, catchment of 148 000 km2) (Pusch et al., 2009),
the Elbe originates from the southern Giant Mountains
(“Krkonoše”) in the Czech Republic at 1386 m a.s.l. From
there, the upper Elbe flows in an arc through Bohemia, heads
north and after crossing the German border passes over into
the middle Elbe valley when entering the North German
Plain north of the city of Meißen. Finally, the river meets
the North Sea west of Hamburg (Hantke, 1993; Pusch et al.,
2009).

Between the cities of Dresden and Meißen the Elbe val-
ley’s course has been predefined by the Variscan Elbe Fault
System (EFS), one of the major crustal shear zones in Europe
(Scheck et al., 2002). Up to 650 m of Cretaceous shallow ma-
rine and alluvial sand- and limestone reflect a manifold land-
scape history in and around this sedimentary basin (Tröger
2008). Simultaneously to the formation of the North Atlantic,
the EFS shear zone reactivated during a late Cretaceous–
early Cenozoic compression phase, when western Lusatia

Figure 2. (a) Detailed view of the study area around the EUGAL
pipeline with close-ups on the (b) Clieben and (c) Brockwitz
study sites (© DGM1-GeoSN, OpenStreetMap contributors 2020
under the Open Data Commons Open Database License (ODbL)
v1.0: Geologische Karte der eiszeitlich bedeckten Gebiete Sachsen
1 : 50 000 – LfULG Sachsen).

was moved southwestwards and thrusted over the EFS and
its Cretaceous sediments (Krentz, 2008).

Until the Pliocene, a levelled landscape with shallow river
valleys and a higher altitude than the current highlands had
established. Throughout the Quaternary strong fluvial inci-
sion took place, resulting in the formation of multiple sets of
river terraces (Wolf et al., 2008). In the study area, the current
Elbe valley was initially used by several smaller streams, and
only strong meltwater erosion caused by a lowered erosional
base following the Elster 2 glaciation enabled the Elbe River
to flow along its quasi-current course in the Dresden basin.

During the Drenthe stage of the Saalian glaciation the
glaciers maximally advanced just south of the city of Meißen
(Eissmann, 2002). Subsequently, up to 20 m thick sands were
deposited in the Elbe valley by melting water. During the
following Warthe stage strong river erosion occurred, form-
ing several deep channels southeast of the Spaar Mountains,
which represent the Quaternary base in this part of the Elbe
valley (Huhle, 2015) (Fig. 1b).

During the Weichselian glaciation, a gravely Higher We-
ichselian Terrace (HWT) and Lower Weichselian Terrace
(LWT) were aggraded under periglacial conditions (Wolf
et al., 1994; Eissmann, 2002). Most likely during the Last
Glacial Maximum were the gravely LWT sediments subse-
quently covered by a so-called valley loam (Tallehm; Alex-
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owsky, 2005). Due to erosional processes during the Weich-
selian deglaciation, full LWT sequences including the cover-
ing valley loam are only rarely preserved (Eissmann, 1997).

During the Late Pleistocene and Holocene two additional
fluvial terraces were aggraded (Wolf et al., 2008). The older
and morphologically higher terrace is dated from the Late
Pleistocene to Middle Holocene (Wolf et al., 1994, 2008),
and the younger one had formed since the late Subboreal
(Wolf et al., 2008; Lange et al., 2016). Holocene overbank
fines cover both Holocene terraces and the LWT.

The Elbe valley between the cities of Dresden and
Meißen has been occupied by sedentary humans for the last
ca. 7500 years (Brestrich, 1998; Stäuble, 2010, 2016). Ac-
cordingly, during archaeological excavations in 2009 and
2018/19 at our Clieben study site, features of an early Ne-
olithic village were discovered within the valley loam in the
uppermost part of the LWT fines that was covered by younger
overbank fines (Fig. 4; Steinmann, 2010; Kreienbrink et al.,
2020; Kreienbrink, 2022). Here, about 10 LPC (Linear Pot-
tery culture) houses were detected, and a large-scale geo-
physical survey gave evidence that these belong to a major
early Neolithic settlement. Also a few late Bronze Age fea-
tures were found between the early Neolithic pits on the same
stratigraphical level (Kreienbrink, 2022).

Further to the south, at our Brockwitz study site, early
Mesolithic, early and middle Neolithic, early and late Bronze
Age, Iron Age, and medieval Slavic archaeological re-
mains have been uncovered at different levels within dif-
ferent deposits during archaeological excavations in 2009
and 2018/19 (Steinmann, 2010; Kreienbrink et al., 2020;
Döhlert-Albani et al., 2022). Most sites were situated on
the LWT, and only early medieval Slavic features were pre-
dominantly situated on the older Holocene terrace (Tinapp et
al., 2022).

3 Methods

3.1 Fieldwork

Parallel to the EUGAL pipeline construction in 2019, a
2400 m long stretch of the pipe trench with a depth of about
3 m, locally 6 m, has been examined. As a result, 42 profiles
were logged, and the strata’s courses were recorded and par-
alleled. The distinct strata were characterized in the field for
grain size; sediment/soil colour; humus and moisture con-
tent; and pedogenetic and further features such as archaeo-
logical finds, plant material, sediment features or anomalies.
Furthermore, plant and/or wood material was taken for radio-
carbon dating.

At the Clieben and Brockwitz study sites profiles have
been recorded in detail during the excavations. Their descrip-
tion followed the FAO (Food and Agriculture Organization
of the United Nations) classification (IUSS Working Group
WRB, 2014; soil colour was determined using the Mun-
sell soil colour chart). Furthermore, samples were taken for

sedimentological, micromorphological and palaeoecological
analyses, as well as for optically stimulated luminescence
(OSL) dating.

3.2 Sedimentological analyses

– First, bulk sediment samples were air-dried and sieved
to obtain the fine fraction of < 2 mm that was used
for the analyses. A portion of this material was subse-
quently ground in a planetary ball mill (PM 200) for
10 min to obtain a grain size of < 30 µm that is needed
for X-ray fluorescence (XRF) and elemental analysis
(CNS). Grain-size analyses were conducted on organic-
free (pretreated with 35 % H2O2) material. The sand
fraction was analysed by sieve analysis, and the clay
silt fraction was analysed by X-ray granulometry (XRG;
Micromeritics SediGraph III 5120).

– pH values were measured in a 0.01 M CaCl2 suspen-
sion following DIN ISO 10390 with a ratio of 1 : 2.5
(soil / water).

– Carbonate contents were measured with the volumetric
method referring to Scheibler by using an Eijkelkamp
calcimeter.

– Total organic carbon (TOC) was determined by measur-
ing Ctotal with a vario EL cube elemental analyser (Ele-
mentar) and subsequently subtracting inorganic carbon
(taken from the carbonate measurements) from Ctotal.
Total nitrogen and sulfur contents were measured with
the vario EL cube elemental analyser in parallel with
Ctotal.

– Element concentrations were measured using non-
destructive X-ray fluorescence spectrometry (XRF). For
this purpose, bulk samples were mixed with a wax
binder (CEREOX Licowax) and pressed into 32 mm
pellets. The measurements were performed with an
energy-dispersive polarization XRF (EDPXRF) SPEC-
TRO XEPOS (SPECTRO Analytical Instruments Ltd.)
analyser in a helium gas atmosphere. All elements from
Na to U were determined simultaneously and adjusted
to the sample weight.

Pedogenesis depends not only on the properties of the par-
ent material, the climatic conditions and human activity but
also significantly on time. Weathering indices are multicom-
ponent ratios of lithogeochemical compositional element and
are commonly used to estimate weathering intensity, since
they depict structural and mineralogical changes of the sed-
iments during weathering. Over the past decades, very dif-
ferent indices and element ratios have been developed for
different sediments in various climates (Pandarinath, 2022).
Generally, the applied ratios usually expressed as oxidic pro-
portions in moles determined by means of XRF are included
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in the calculation. Ideally, the applied ratios should only have
been altered by pedogenetic processes.

During weathering, soluble cations with a low ion poten-
tial of < 3 (e.g. K+, Na+, Ca2+, Mg2+) are washed out rel-
atively easily, whereas e.g. Al3+ with a high ion potential of
5.9 is bound in clay minerals and forms relatively insoluble
hydroxides between a pH value of 4 and 10. Thus, the Al2O3
content changes very little during weathering and can hence
be assumed to be constant (Bowen, 1979; Kausch, 2009).
Consequently we selected the weathering index (VWI, visual
weathering index) of Birkeland (1999), whereof low ratios
indicate intensive weathering:

VWI= (K2O+Na2O+CaO+MgO)/Al2O3 .

In general, ion mobility decreases and the tendency of ad-
sorption to fine-grain sediment or soil particles increases with
a rising ion radius (Smykatz-Kloss et al., 2004). Hence, the
larger Rb+ ion is better adsorbed compared with the smaller
K+ ion so that the K2O/Rb2O ratio normally decreases dur-
ing in situ soil formation. However, it is also assumed that
high values in loess/palaeosol sequences could also reflect
secondary potassium enrichment, possibly caused by clay ac-
cumulation due to the input of preweathered material (Fis-
cher et al., 2012).

Also the ratios Rb/Sr and K2O/Na2O can be interpreted
using differences in ionic radii. The respective smaller ions in
the denominator (Sr2′′+ and Na+) are more easily discharged
as a result of weathering than the larger ions in the numerator
(Rb+ and K+). Hence, high ratios represent strong weather-
ing (Smykatz-Kloss, 2003; Reitner and Ottner, 2011).

3.3 Numerical dating

Luminescence (OSL) dating

Six luminescence samples were taken at the Brockwitz study
site using light-tight steel tubes, which were hammered into
the freshly cleaned outcrop walls (for sampling positions, see
Fig. 7).

Preparation of the coarse-grain quartz fraction (180–
250 µm) was done under subdued red light in the Depart-
ment of Human Evolution, Max Planck Institute for Evolu-
tionary Anthropology (Leipzig). Sample preparation started
with drying and sieving, and subsequent chemical prepara-
tion included a treatment with 10 % HCl and 30 % H2O2 to
remove carbonates and organic material, respectively. Fol-
lowing this, quartz was separated from the other mineral frac-
tions by density separation using sodium polytungstate solu-
tions (2.62 and 2.70 g cm−3). Finally, the quartz-rich material
was etched with 40 % hydrofluoric acid (HF) for 60 min and
subsequently resieved.

Equivalent dose (De) measurements using a single-grain
regeneration (SAR) approach (Murray and Wintle, 2003)
were performed on a Risø TL/OSL (thermoluminescence)
DA-20 reader equipped with blue and IR-emitting diodes.

The blue stimulated quartz signal was measured at 125 ◦C
for 40 s, and the 340 nm emission was filtered through a
Hoya U340 filter. Irradiation was conducted with a calibrated
90Sr/90Y beta source (dose rate of 0.1 Gy s−1). The preheat
and cutheat temperatures were set to 170 ◦C, respectively, as
this combination yielded satisfying results of the dose recov-
ery test with a ratio of the measured to the given dose of
1.08± 0.09.

Between 24 and 48 aliquots with 2 mm size were measured
of each sample. This aliquot size was chosen to obtain a suffi-
cient high signal-to-noise ratio. The dose response curve was
built with four regenerative doses, and for a quality check
IR depletion and recycling ratios were determined. For final
De estimation, only aliquots with deviations of < 20 % from
unity (IR depletion and recycling ratio) were accepted.

Material for dosimetry was taken from the sampling spots
and their nearby surroundings. Concentrations of the ra-
dioactive elements U, Th and K were determined using high-
resolution gamma spectrometry at the Felsenkeller labora-
tory (VKTA) in Dresden, Germany, using a N-type detector.

Radiocarbon dating

Five radiocarbon samples were analysed in the Curt-
Engelhorn-Zentrum Archäometrie in Mannheim (CEZ) us-
ing accelerator mass spectrometry (AMS) radiocarbon dating
and were calibrated using IntCal20 and SwissCal 1.0.

3.4 Micromorphology

Micromorphological samples were taken from the Brock-
witz study site in 2018 to characterize the different sedi-
ment layers and soil horizons. Thin sections were prepared
from oriented and undisturbed blocks that were impregnated
with resin. The thin sections were analysed using a petro-
graphic microscope under plane-polarized light (ppl), cross-
polarized light (xpl) and oblique incident light (oil). The mi-
croscopic description mainly followed the terminology after
Bullock et al. (1985) and Stoops (2003).

3.5 Palaeobotanical analyses

Plant macroremains were extracted by flotation and wet siev-
ing (mesh widths of 2, 0.5 and 0.25 mm) and determined un-
der magnification from 6.3× to 40× using standard litera-
ture (e.g. Cappers et al., 2012) and the reference collection
at the Laboratory of Archaeobotany, Institute of Prehistoric
Archaeology, Goethe University. Attribution of the taxa to
ecological units followed Oberdorfer (2001).

4 Results

The pipe trench and especially the uncovered sediments and
soils at the two study sites during the excavations (Clieben
and Brockwitz) allowed for detailed examinations of the late
Weichselian and Holocene deposits in the Elbe valley.
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Table 1. Stratigraphical positions (also see Fig. 7), dosimetric data, equivalent doses (De) and quartz OSL ages of the luminescence samples
taken from profile 17 at the Brockwitz study site. The De values are based on the weighted mean of all accepted single De’s.

Sample ID Cosmic Dose Total dose rate De (weighted
(L-Eva) Unit U [ppm] Th [ppm] K [%] [mGy a−1] [mGy a−1] mean) [Gy] Age [ka]

1867 Overbank fines 3.9± 0.4 13.3± 0.8 1.87± 0.1 0.21± 0.02 3.09± 0.2 13.1± 3.7 4.24± 1.23
1868 Neolithic ditch 5.4± 0.6 14.6± 1.0 2.0± 0.1 0.19± 0.02 3.49± 0.2 28.2± 1.4 8.07± 0.64
1869 Clayey loam 4.1± 0.5 13.4± 0.9 1.92± 0.1 0.18± 0.02 3.15± 0.2 32.3± 3.7 10.27± 1.36
1870 Neolithic ditch 5.5± 0.6 14.4± 0.9 1.97± 0.1 0.18± 0.02 3.47± 0.2 27.2± 1.1 7.84± 0.58
1871 LWT sands 1.07± 0.2 2.98± 0.2 1.36± 0.1 0.17± 0.02 1.60± 0.2 25.1± 1.9 15.65± 2.15
1872 LWT sands 0.77± 0.2 2.32± 0.2 1.42± 0.1 0.16± 0.02 1.56± 0.2 22.9± 3.0 14.72± 2.60

Figure 3. Several locations along the pipeline trench. (a) West-
oriented profile in the Lockwitz ground, exposing peat covered
by overbank fines surrounded by fluvial channel sediments (at
35 m). (b) South-oriented profile exposing LWT gravels with val-
ley loam and Holocene overbank fines (at 350 m). (c) West-oriented
profile south of the Clieben study site, exposing a palaeochan-
nel at the transition of the LWT to the older Holocene terrace (at
430 m). (d) Southeast-oriented profile showing sediments of the
older Holocene terrace with a palaeochannel and overlying over-
bank fines (at 870 m). (e) Southeast-oriented profile exposing clayey
loam with a humic topsoil and arising LWT sediments in the back-
ground (at 1780 m).

4.1 Trench

Based on the examination of about 2.4 km of the EUGAL
pipeline trench, several distinct sedimentary units could be
identified. However, due to time and security constraints dur-
ing pipeline construction, sediment description and sampling
could not always be carried out at the same qualitative level
along the trench.

Figure 4. Clieben study site. (a) Overview of the archaeological
excavations in 2019. (b) A section of the Neolithic surface with a
broken rubbing stone. (c) Photo of profile 2 documented in 2008:
the uppermost part of the LWT is formed by a valley loam that is
covered by younger Holocene overbank fines. (d) Analytical values
of profile 2 with particle size distribution and pH values, as well as
organic carbon, sulfur and nitrogen contents and ratios.

4.1.1 LWT

LWT sediments were mainly found in two areas along the
trench: in the northwestern part of the Clieben study site
(Fig. 2, 150–420 m) and the southeastern part of the Brock-
witz study site (Fig. 2, 2075–2175 m). LWT sandy gravels
were superimposed by valley loam, which was covered by
Holocene overbank fines (Fig. 3b). Remains of an early Ne-
olithic settlement and linked archaeological findings at the
Clieben study site stratigraphically reach from the surface
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of the valley loam into the underlying gravels and sands
(Fig. 4). The terrain rises to > 104 m a.s.l. in the former set-
tlement area at the Clieben study site (at 340 m), roughly 1 m
higher compared with the surroundings (Fig. 2b). Similarly,
in the southeastern part of the Brockwitz study site, a terrain
height of 105 m a.s.l. (at ∼ 2125 m) after a steady ascent to
the southeast marks a local maximum that surpasses its sur-
rounding terrain height by ca. 1 m (Fig. 2c).

4.1.2 LWT and clayey loam

Along approximately 500 m of the pipe trench (1575–
2075 m), i.e. a major part of the Brockwitz study site, a se-
quence of basal LWT gravely sands were cropped out. Up-
wards, these concordantly pass over into a 1–2 m thick layer
of clayey loam that is overlain by Holocene overbank fines
(Fig. 3e). OSL dating indicates a late Weichselian formation
of the upper LWT deposits around 15 ka (Table 1, Fig. 7). In
agreement with the OSL ages, an early Mesolithic camp site
(at 1870 m) at the base of the clayey loam indicates a predom-
inantly early Holocene deposition of the clayey loam. To the
southeastern part of the Brockwitz study site, the clayey loam
crosses out in gradually arising LWT sediments (at 2075 m).

One distinct palaeochannel was discovered in this part of
the pipe trench (at 1950 m), cutting the clayey loam and the
underlying LWT sands and gravels. The channel filling was
similar to the clayey loam. These sediments are covered by
older and younger Holocene overbank fines that are sepa-
rated from each other by another palaeosol.

4.1.3 Holocene sediments

Gravely and sandy sediments of the older Holocene terrace
with overlying overbank fines dominated the pipe trench for
approximately 1.1 km between the Clieben and Brockwitz
study sites (Fig. 3d, 420–1525 m). The base of the older
Holocene terrace was formed by an about 1 m thick layer
of gravely sands with some loamy strata showing a gen-
eral decrease in gravels upwards. These were covered by ca.
2.5 m sandy overbank fines with a fining-upward trend. Here,
strata thicknesses vary widely along the trench. Repeatedly,
the base of the overbank fines reached deeper than the pipe
trench, implying a vertical extension of > 4 m at these sec-
tions. Wood samples were taken from an oak tree that was
found at the transition from the terrace gravels to the over-
lying overbank fines (635 m), which were 4.3 m thick at this
particular location. Radiocarbon dating of this material gave
a terminus post quem for the onset of the fine overbank sedi-
mentation between 3962 and 3802 BCE (MAMS-45651, Ta-
ble 2). Partly observed palaeosols divide the overbank into
an older and younger sedimentation phase.

South of the Brockwitz study site (at 2240 m) the transi-
tion of the LWT with its covering overbank fines towards the
current Elbe floodplain is marked by a ca. 2 m drop in ter-
rain height. Within the latter the stratigraphy is dominated by

sands and gravels of the younger Holocene terrace with cov-
ering younger Holocene overbank fines. With closer prox-
imity to the river, the overbank fines’ thickness gradually de-
creases. Additionally, a former river island with a thick gravel
body, surpassing its vicinity by ca. 1 m, was observed close to
the current bank of the Elbe River between 2300 and 2350 m
(Fig. 2).

4.1.4 Holocene channels

The northwesternmost section of the pipe trench was dom-
inated by non-LWT gravely sands. These stretched for ap-
proximately 150 m southward along the trench and subse-
quently thinned out into LWT sediments north of the Clieben
study site around 150 m. Within these non-LWT gravely
sands, an up to 3.3 m thick trough-shaped layer of dark-
brown organic sediments with plant remains such as roots
and stalks was embedded, showing a maximum lateral ex-
tent of ca. 25 m (Fig. 3a). Archaeobotanical analyses of the
excavated organic material from the profile base classified
these as sedge peat derived from a large variety of plant
taxa, giving insight into the former local vegetation during
the Boreal. The sedge peat/reed is represented by Carex spp.,
Alisma plantago-aquatica agg., Lycopus europaeus, Scirpus
lacustris, Typha or Oenanthe aquatica, and several taxa sug-
gest nutrient-rich conditions with a herbaceous vegetation
in some parts of the banks (Rumex maritimus, Ranuncu-
lus sceleratus, Polygonum lapathifolium, Polygonum minus
and Chenopodium polyspermum). Remains of Betula pen-
dula, Quercus, Polygonum dumetorum, Thalictrum flavum
and Urtica dioica mirror the adjacent alluvial forest, whereas
aquatic plants such as Nymphaea alba or Ceratophyllum de-
mersum show a standing waterbody without strong currents
or waves.

The archaeobotanical analyses of the overlying layers dat-
ing to the Atlantic period merely confirmed the Boreal taxa
spectrum with only minor alterations. The more abundant
annuals Atriplex and Chenopodium album could have been
distributed along the riverbanks or hint to nearby human
activities. Especially seeds of the bladder cherry Physalis
alkekengi are of special interest, since its natural distribution
is on riverbanks in southeastern Europe. Hence, it must have
been brought to the study area most probably with LPC set-
tlers as a cultivated plant (Herbig 2012, p. 153).

The radiocarbon ages of three peat samples were 7776–
7595 BCE (MAMS-44467), 6742–6573 BCE (MAMS-
47072) and 3961–3800 BCE (MAMS-47071) (see Table 2).
Hence, peat formation extended from the Boreal until the
Atlantic period. Subsequently, the peat was covered by about
3 m thick overbank fines (loamy sands), into which the bed
of the “Lockwitzbach” current creek is embedded.

Within an eastward bend of the trench south of the Clieben
study site (Fig. 3c), the terrain height suddenly drops by
about 1 m. Here, a diagonal, ca. 25 m wide palaeochannel
marks the transition between the LWT to the north and the
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Table 2. Results of the 14C analyses.

14C age δ13C Cal 1σ Cal 2σ
MAMS Unit Material [years] ± [‰] cal BCE [years] cal BCE [years] C [%]

44 467 Peat, Lockwitz ground Wood 8693 30 −27.9 7720–7613 7780–7600 57.8
44 468 Older Holocene terrace Wood 4943 25 −27.5 3761–3664 3773–3657 50.1
45 651 Older Holocene terrace Wood 5093 22 −28.4 3955–3813 3962–3802 53.4
47 071 Peat, Lockwitz ground Seed 5090 23 −23.6 3953–3809 3961–3800 54.8
47 072 Peat, Lockwitz ground Seed 7817 28 −26.7 6683–6600 6739–6576 46.9

Figure 5. Clieben study site. (a) Photo of profile 3 which was stud-
ied in 2019 with locations of the thin-section samples (12: overbank
fines, 13: LWT valley loam, 14: transition LWT valley loam to LWT
sands). Microphotos of the thin sections (all in ppl): (b) sandy and
silty overbank fines with disorthic iron oxide nodules, (c) overbank
fines with charcoal pieces, (d) valley loam with disorthic iron ox-
ide nodules and matrix impregnation, (e) valley loam with clay in-
fillings and coatings of voids, (f) sandy material of the LWT, and
(g) LWT material with clay infillings and coating of a void.

older Holocene terrace to the south and southeast (Fig. 2a).
At the trench base at ca. 3 m depth, the channel is filled
with organic-rich loamy sands, which contained one oak tree
trunk. This oak tree has been radiocarbon-dated to 3773–

3649 BCE (MAMS-44468, Table 2), i.e. to the late Atlantic
period. The loamy sands are superimposed by grey sands,
then followed by a fining-upward loam layer with a thickness
of ca. 1 m that contained small proportions of sand and char-
coal. The top of the profile was formed by 1.9 m thick clayey
overbank fines (Fig. 3c). In addition to this a palaeochan-
nel, three further palaeochannels with equal or smaller di-
mensions and similar sedimentary fillings were observed that
were also incised into the sediments of the older Holocene
terrace.

4.2 Clieben study site

Post holes and pits found between 0.5 and 1 m below the sur-
face after removal of the covering overbank fines prove an
early Neolithic settlement on the LWT (Fig. 4a and b; Stein-
mann, 2010; Kreienbrink, 2022). Furthermore also some fea-
tures originating from the late Bronze Age were recorded
on the same level. The northern boundary of the settlement
is represented by the remnants of an old channel used by a
small creek (Lockwitzbach) in recent times (Figs. 2 and 3a).
In the south, the LWT is limited by the older Holocene ter-
race.

In the central part of the early Neolithic settlement the
stratigraphical base is formed by LWT sands that merge up-
wards into the valley loam without clear boundaries (Fig. 4c).
Soil development – weathering and lessivage – overprinted
these Weichselian sediments. The Neolithic surface is found
at an altitude of 103.6 m a.s.l. on the topographically highest
part of the valley loam, and the LWT including the archae-
ological surface is covered by younger Holocene overbank
fines. The latter consist of brown loamy sands that contain
charcoal, fired clay and younger potsherds.

According to the analytical values of profile 2, the valley
loam contains ∼ 0.3 % organic carbon, and the highest val-
ues of 0.9 % are found in the recent plough horizon (Ap) at
the top of the overbank fines. However, the Neolithic sur-
face with archaeological features and findings (upper part
of the Bt horizon) does not show a peak of organic carbon.
This is consistent with nearly the same colour of the val-
ley loam and the Holocene overbank fines (dark yellowish
brown, 10YR4/4).

The micromorphological analyses of samples taken from
profile 3 prove that the upper overbank fines contain dis-
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Figure 6. Brockwitz study site. (a) Aerial photo of the archaeolog-
ical excavation with the Neolithic palisade in 2018 (1850–1940 m).
(b) The early Mesolithic chipping floor during excavations. (c) Mi-
croliths (at 1870 m).

orthic (reworked) iron oxide nodules and charcoal pieces
(Fig. 5b, c).

Pedogenic transformation of the Holocene overbank fines
is rather weak, as only few small clay infillings and coat-
ings of voids could be detected. Also the underlying Weich-
selian valley loam contains reworked iron oxides (disorthic
nodules). In addition, in situ formed ferruginous matrix im-
pregnations and an increasing number of clay coatings and
infillings (Fig. 5d, e) are detectable in the valley loam. The
latter features are undisturbed, indicating a stable period of
postsedimentary soil formation during the late Weichselian
to Holocene. The transition to the underlying LWT sands
is clear, and these show downwards decreasing features of
soil formation with the exception of clay illuviation features
like infillings and coatings of voids that were even found in
greater profile depth (Fig. 5f, g).

4.3 Brockwitz study site

The geological structure at the Brockwitz study site is
less homogeneous compared to Clieben. A small area in
the southeastern part belongs to the topographically high-
est peaks of the LWT, showing heights around 105 m a.s.l.
(2075–2175 m). Here, some late Bronze Age features were
dug into the valley loam and the underlying gravels and
sands, and overbank fines are missing here. Compared to the
elevated terrain in the southeast, the height of the remain-
ing LWT surface is 1–3 m lower in most other parts of the
study site. However, nowadays this altitudinal difference is

levelled by Holocene overbank fines. Several sediment pro-
files were recorded here, and a combined sampling approach
was applied to the sediments, soils and Neolithic features of
profile 17 (Figs. 6, 7).

The base of that profile is formed by LWT sands that
were dated by OSL to around 15 ka (Table 1, Fig. 7) and
show only minor pedogenetic features. Thin sections show
that parts of the sands are free of finer components, while
clay illuviation, bridging the individual grains, is visible in
other parts (Fig. 8e, f). Upwards the sands merge into clayey
loam with up to 1 m thickness. Soil development overprinted
parts of the latter material, and a 0.4 m thick Ahb horizon
had established at its surface. The OSL date from the low-
est part of the clayey loam shows an early Holocene age
of 10.27± 1.36 ka (Table 1). In this layer clay percentages
reach > 40 %, while sand remains around 20 %. Micromor-
phological samples were taken from both the undisturbed
clayey loam and a Neolithic ditch filled with relocated clayey
loam. The infilling is dark greyish brown and thus seems to
be rich in organic matter and contains numerous undisturbed
clay infillings and coatings of voids (Fig. 8b–d). Charcoal
pieces prove anthropogenic activities (Fig. 8c). Deep cracks
in the Ahb horizon caused by shrinking of the clayey ma-
terial were filled with brown-coloured, younger overbank
fines. Also macroscopic analysis shows strong aggregation
features, while under the microscope vertic properties such
as slickensides are absent. Despite the dark colour of the Ahb
horizon (very dark greyish brown, 10YR3/2) organic carbon
values reach only 0.6 % (Fig. 7).

The small VWI ratios in the upper, clay-rich C horizon
show obvious preweathering of the substrate (Fig. 9). This
tendency becomes even clearer in the K2O/Rb2O ratios. In
the clay-rich Ahb and C horizons (103.4–102.55 m a.s.l.), the
K2O/Rb2O ratio is < 400 and clearly demarcated from the
other horizons, indicating in situ soil formation. Despite very
high clay contents, it cannot be assumed that preweathered
material was introduced.

The commonly used Rb/Sr ratio is based on different ion
radii, since the much smaller Sr2+ ion is more easily leached
during weathering, whereas Rb is fixed to clay (McLennan
et al., 1993; Reitner and Ottner, 2011). Hence, high Rb/Sr
ratios indicate intense weathering.

Similarly, due to partial adsorption of K+ on clay min-
erals and organic substances, less K+ is removed compared
with the smaller Na+ ion during chemical weathering so that
increasing K2O/Na2O ratios indicate chemical weathering
(Smykatz-Kloss, 2003). When comparing the soluble alkali
cations K+ and Na+, a clear enrichment of the larger and
therefore less mobile K+ compared to the Na+ ion can be
detected during soil formation. Although both cations are
dissolved during chemical weathering, some of the K+ ions
(radius of 138 pm) can subsequently be adsorbed again by
fine-grain particles such as clay minerals or organic matter
and thus be partially retained in the soil, while the smaller
Na+ ion (102 pm) is discharged into the soil solution. Given
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Figure 7. Brockwitz study site. (a) Photo of profile 17 (at 1860 m)
that was studied in 2018 with two ditches from the Neolithic pal-
isade, OSL ages and the positions of micromorphological sam-
ples (14: overbank fines, 15: clayey loam/Neolithic ditch, 18: LWT
sands). (b) Analytical values of this profile with the particle size
distribution and pH values, as well as organic carbon, sulfur and
nitrogen contents and ratios.

that both the Rb/Sr and K2O/Na2O ratio are increased in
the Ahb and C horizon, this clearly indicates their intensive
weathering.

Just a few centimetres above the base of the clayey loam,
an early Mesolithic campsite for hafting and retooling was
discovered and excavated near profile 17 (Fig. 6). It consists
of silex artefacts, destroyed by fire; quartzite pebbles; and
pieces of burnt animal bone (Fischer in Döhlert-Albani et
al., 2022). This demonstrates short human activity during the
middle Preboreal causing the accumulation of a great num-
ber of artefacts and leftovers from meals (Fig. 6). Afterwards,
clay-rich overbank sedimentation covered these artefacts rel-
atively contemporaneously largely without replacing them,
since > 50 % of the silex inventory are chips of < 1 cm in
length. The next verified human activities took place during
the early and middle Neolithic leaving many pits, with up to
six parallel ditches belonging to former palisades (Figs. 6,
7). Two OSL samples taken from the archaeosediments in
one of these ditches gave early Neolithic ages of 7.8± 0.6
and 8.1± 0.6 ka (Table 1). Despite these numerical ages,
a younger age (middle Neolithic: 6.4–4.8 ka; Miera et al.,
2022) is assumed here for archaeological reasons; i.e. the
luminescence ages must be overestimated (Stäuble et al.,
2022). Later, these archaeosediments and the overprinting

Figure 8. Brockwitz study site. Microphotos of profile 17 (A–C
and E–F in ppl, D in oil). Sample 14 (overbank fines): (a) loamy
cover sediment with iron oxides and clay coating of a void. Sam-
ple 15 (clayey loam from Neolithic ditch): (b) clayey loam rich in
clay infillings and coatings of voids, (c) clayey loam with charcoal
pieces, and (d) dark greyish brown of the clayey loam due to or-
ganic matter. Sample 18 (LWT sands): (e) sandy material of the
LWT with clay bridging the sand grains and (f) sandy material of
the LWT without fines.

Ahb soil horizon were covered by younger overbank fines.
The latter deposition started at the end of the Neolithic or the
beginning of the Bronze Age during the Subboreal period,
which is proved by the OSL age of 4.2± 1.2 ka and archae-
ological features of the late Bronze Age, which were partly
dug into these younger overbank fines.

The younger overbank fines covering the clayey loam are
more sandy and less clayey compared with the latter. Similar
to the overbank fines in Clieben, their colour is dark yellow-
ish brown (10YR4/4) and they contain charcoal pieces and
reworked iron oxides (Fig. 8a).

5 Discussion

5.1 Late Weichselian–Holocene transition

During the late Weichselian cold period, the LWT showed a
surface with a diverse morphology (Fig. 10): around 15 ka
older gravels, supposedly deposited between the Denekamp
Interstadial and the Last Glacial Maximum (LGM) (30 000–
20 000 ka) (Alexowsky, 2005; Litt et al., 2007), nearly
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Figure 9. Brockwitz study site. Profile 17 with the alteration index
(VWI) and the element ratios of K2O, Rb2O /Sr and K2O /Na2O.

reached an altitude of 105 m a.s.l., while sands were de-
posited in a 3 m deep channel at the Brockwitz study site.
During that time the large gravel plain of the LWT, belong-
ing to the braided Elbe River system (Kaiser et al., 2012),
was dissected by several shallowly incised channels. Sub-
sequently, fluvial sands were deposited during the initial
warmer phases of the final glacial period. The channels on
the LWT had been preserved and remained visible until the
transition to the Holocene, quite similar to other late Weich-
selian terraces of the Rhine River or Danube River systems
(Schirmer, 1995; Schellmann, 2018).

Sedimentation and erosion in the study area and especially
during the formation of the LWT were closely connected
to the larger-scale development of the Elbe River system.
Seemingly, intense incision occurred in the central European
river systems during the Early Holocene. However, in the
Elbe valley this switch apparently occurred later (Brose and
Präger, 1983) compared with other central European river
systems (Kaiser et al., 2012). Here, a late Weichselian–Early
Holocene anastomosing channel pattern is assumed. During
that time the “Lockwitz ground” at the northern valley mar-
gin of our study area also formed part of the Elbe floodplain
(Figs. 2, 3a). According to our 14C dates, this channel was
abandoned only after a middle–late Preboreal incision phase
of the Elbe system, and its organic sediments demonstrate
boggy conditions from the Boreal until the Atlantic period.
Here, the location of the channel near the transition to the
HWT intensified water influx, supporting organic-rich sedi-
mentation regardless of the deep incision of the main Elbe
channel. Hence, the location of the Lockwitz ground at the
transition from the LWT towards the HWT defines it as a
seam channel (Nahtrinne). This channel type marks the bor-
der between different terraces and hence aids as their distinc-
tion and was described e.g. at the Rhine, Main and Danube
terraces (Schirmer, 1995; Schellmann, 2018).

The clayey loam was deposited in abandoned channels on
the LWT during the Early Holocene. Whereas the covering

younger Late Holocene overbank sediments were explained
by increasing river discharge caused by anthropogenic im-
pact on the catchment, the cause of the deposition of these
Early Holocene deposits has not been addressed so far. Sim-
ilar observations were reported from the lower Weser valley
(Schellmann, 1994; Schirmer, 1995). It is located in the low
mountain ranges of southern northern Germany, i.e. some
kilometres south of the North German Plain. There, a dark
soil (Feuchtschwarzerde) had developed in overbank fines,
which were deposited in palaeochannels (Aurinnen) incised
in Weichselian gravels. According to Schellmann (1994)
these soils had developed in the Allerød period as well as
in the Early Holocene. Similar conditions are also found for
the Elbe valley between Dresden and Riesa. Here the val-
ley bottom still consists of Palaeozoic rocks, whereas in the
North German Plain near Riesa some kilometres to the north,
glacial sediments dominate the valley bottom. Hence, we
suggest that gravel accumulation in the narrow parts of the
valley, especially upstream of the Spaar Mountains, decel-
erated the Early Holocene incision (Fig. 2). Consequently
the lower parts of the LWT were submerged during Early
Holocene flood events so that the clayey loam could be de-
posited. After the middle–late Preboreal incision, floods no
longer reached the LWT, so clayey loam deposition ended.
This scenario is also reflected by the early Mesolithic camp
site. The microliths were embedded in the basal clayey loam
and remained predominately undisturbed as a result of on-
going sedimentation during the early Preboreal. After depo-
sition ended, a humic A horizon developed during the late
Preboreal and the Boreal, which did not reach the level of the
early Mesolithic finds.

Different weathering indices and element ratios gave clear
evidence for soil formation in the course of chemical weath-
ering within the clay-rich Ahb and C horizon (Fig. 9). It can
be clearly seen that the lowest VWI values could be detected
at the sediment base of the clayey loam between 102.6 and
102.8 m a.s.l. This is clear evidence of weathering and thus
soil formation, which is also validated by the K2O/Rb2O ra-
tio because there is greater retention and thus slower release
of heavier alkali metal ions (Rb+) from clay minerals com-
pared to the lighter alkali metal ion (K+) (Bosq et al., 2020;
Matys Grygar et al., 2020). In comparison to Na and Ca, a
possible resorption of K to clay minerals and its stronger
binding through sorptive complexes in the soil are considered
to be more likely. These conditions can lead to K enrichment
when weathering processes are weak or, conversely, K de-
pletion under stronger weathering conditions (Buggle et al.,
2011). Although the highest organic carbon values only reach
0.6 %, the low values for VWI are an indication of soil forma-
tion that has taken place within these deposits. Additionally,
also the Rb/Sr ratio proved to be very meaningful in inves-
tigations of the intensity of weathering of loess palaeosols
(Reitner and Ottner, 2011). Accordingly, at our study site the
highest Rb/Sr ratios were found in the clay-rich Ahb and
C horizon, proving their high weathering intensity.
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Figure 10. Schematic transect through the right bank of the Elbe valley in the study area in the northwestern Dresden basin between the
Spaar Mountains and the city of Coswig, south of Meißen (see Fig. 1b for the location). HWT: Higher Weichselian Terrace, LWT: Lower
Weichselian Terrace.

Most of the oldest detected Holocene floodplain sediments
in several central European river systems are peats (Hiller
et al., 1991; Tinapp, 2002; Notebaert et al., 2018; Tinapp et
al., 2019). These were usually covered by humic fine-grain
material with relatively constant vertical contents of organic
matter, and its formation is suggested to have occurred dur-
ing long-lasting periods with high groundwater levels and
reduced composition of organic material. This material was
referred to as “black floodplain soil” in the Ohm (Rittweger,
2000) or “black clay” in the Pleiße River (Tinapp et al., 2019)
and was dated to between the Boreal and Atlantic periods.
Similar formations were also described from various other
river systems in central Europe (Schirmer, 1983; Bork, 1983;
Brosche, 1984; Pretzsch, 1994; Schellmann, 1994; Hilgart,
1995; Bos et al., 2008; Brown et al., 2018; von Suchodoletz
et al., 2022). Their stratigraphical position and properties,
however, differ greatly from those of the Early Holocene
clayey loam on the Elbe LWT. In the latter, the low content
of organic carbon of 0.6 % (Fig. 7), mainly derived from in
situ soil formation, slightly decreases downwards to 0.2 %
(Fig. 7) in the lower part just above the LWT sands and
gravels. This indicates only minor input of organic material
during sedimentation. Furthermore, the sand content of the
clayey loam reaches > 20 %, indicating the temporal influ-
ence of flowing water during its deposition. In contrast, low
sand values of < 2 % in the black floodplain soil (Rittweger,
2000) and the black clay (Tinapp et al., 2019) demonstrate
different sedimentation conditions for these layers.

Consequently, given that there are no signs of long-lasting
periods with high groundwater and reduced decomposition
of organic material, as well as higher sand contents, de-
spite visual similarities with the black-coloured fine-grain
Holocene sediments known from many other central Euro-
pean river valleys, the fine-grain Early Holocene material on
the LWT in Brockwitz must have had a different genesis.

During the early Holocene, early Mesolithic hunters and
gatherers occupied a former LWT river channel for several
days and left their remains in the basal clayey loam. Hence,
sedimentation of the latter had apparently started before. Af-
ter this short human occupation, nearly 0.8 m of clayey loam
has been deposited. Its low content of organic carbon, origi-
nating from soil development, suggests a merely sparse veg-
etation cover. Therefore, a relatively short sedimentation pro-
cess at the transition from the Younger Dryas to the Preboreal
is assumed, when the vegetation cover on the LWT was thin-
ner than during subsequent periods. Afterwards, long-lasting
development of the overprinting dark-coloured humic topsoil
horizon began.

5.2 Holocene overbank deposits

The first human settlers appeared in the study area around
7500 BCE, colonized the LWT surface, and left their traces
in the form of pits that were dug into the upper sediments and
the overprinting topsoil. The lack of overbank sediments in
the prehistoric pits at both the Clieben and Brockwitz study
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sites evidences that floods did not reach these locations dur-
ing the Atlantic period.

Later, during the end of the Subboreal, floods must have
reached the higher parts of the LWT surface again, since
overbank fines were deposited at both study sites, Clieben
and Brockwitz. Accordingly, parts of the late Bronze Age
settlement are situated around the topographically highest
part of the LWT, which is not reached by floods even to-
day. Furthermore, in topographically lower positions of the
settlement, some archaeological features were found within
the younger overbank fines that are connected to a scattered
intercalated humic horizon (Tinapp et al., 2022). Also, me-
dieval Slavic features were found in the same stratigraphic
position. Therefore, the younger Holocene overbank fines
can be divided into a lower Bronze Age–medieval period and
an overlying younger part.

The early Neolithic archaeological finds and features rep-
resent the best parameters to distinguish between the valley
loam and the overlying younger Holocene overbank fines,
since these finds are found at the surface and in the upper
part of the former. In contrast, the sedimentological proxies
are rather diffuse to some extent so that neither organic car-
bon nor the particle size distribution could help to differenti-
ate both units from each other (Figs. 4, 5). Accordingly, also
the assumed former topsoil horizon of the Atlantic period,
overprinting the Weichselian valley loam, could not prop-
erly be detected by these proxies. The archaeological finds
in the upper part of the valley loam are distributed over the
whole excavated area, regardless of whether archaeological
features were documented below those finds. This find distri-
bution, as well as some special find situations (Fig. 4b) and
the mostly remarkably deeply preserved postholes and pits,
clearly evidences only minor erosion processes after settle-
ment abandonment, leading to the predominant preservation
of the occupation layer of the settlement. Some of the ar-
chaeological finds were used at the surface of the settlement
(rubbing stones; Fig. 4b). According to observations, pottery
fragments within the occupation layer are generally heavily
fragmented and weathered and their edges are rounded. This
suggests their long-term atmospheric exposition and possibly
also human activity at or near the surface, before they were
covered by younger floodplain fines.

Large sections of the pipe trench in the current floodplain
were cut through the older Holocene terrace. A buried oak
tree from > 6 ka at the transition of the lower sandy gravels
to the overlying overbank fines confirms that coarse fluvial
sedimentation stopped at the end of the Atlantic period and
that since then only younger overbank fines have been de-
posited (Wolf et al., 2008). In contrast to other central Euro-
pean river valleys (Schirmer, 1995), there is no evidence for
more than two Holocene terraces in the Elbe valley between
Dresden and Meißen.

5.3 Valley development and prehistory

Many studies demonstrate the spatial link between fluvial ter-
races and (pre)historic sites (Torke, 2012; Brown et al., 2018;
Tinapp et al., 2020), since fertile land facilitating settlement
founding was available in close vicinity to rivers. Accord-
ingly, also in the Elbe valley many prehistoric settlements
were formerly detected (Brestrich, 1998; Torke, 2012; Ull-
rich and Ender, 2014; Conrad and Ender, 2016; Meller and
Friederich, 2018). Whereas late Bronze Age–medieval ar-
chaeological features were regularly found within the cur-
rent floodplains (Hiller et al., 1991), older prehistoric sites
were often found on fluvial terraces below a cover of younger
overbank fines (Tinapp et al., 2020). Hitherto, most LPC set-
tlements between Dresden and Meißen have been discovered
on the left banks of the Elbe River (Brestrich, 1998; Stäu-
ble, 2010). Hence, given its location on the right riverbank,
the geographic location of the early Neolithic village at the
Clieben study site was under discussion in archaeology af-
ter its discovery in 2008 (Steinmann, 2010). Given that the
channel at the Lockwitz ground had been abandoned already
during the Preboreal and subsequently developed into a peat
swamp, its active phase is much older than the LPC settle-
ment. Hence, an active Elbe channel north of the Clieben
study site can clearly be excluded for that time, confirm-
ing that the LPC settlement must actually have been located
on the right bank of the Elbe River. This forms an impor-
tant finding with respect to the reconstruction of the spread
of the initial LPC in central Europe (Brestrich, 1998; Stäu-
ble, 2010).

Generally, data about the late Weichselian–Holocene de-
velopment of the Elbe River system are still rather patchy
(Kaiser et al., 2012). This also leads to difficulties in link-
ing the fluvial sediments and hence the local geomorphic–
palaeoenvironmental conditions – strongly influencing hu-
man behaviour – of the upper with those of the middle Elbe
valley. Accordingly, also our detailed geoarchaeological ap-
proach applied to a rather unstudied area in the northern
Dresden basin strongly stresses the need for further research
regarding the late Weichselian–Holocene Elbe valley devel-
opment to better understand former regional patterns of hu-
man settlement.

6 Conclusions

Our geoarchaeological investigations during the OPAL and
the EUGAL pipeline constructions in the northern Dresden
basin between Meißen and Dresden gave new insights into
the fluvial sediments that were deposited since 15 ka in this
part of the Elbe valley. Overall, one phase of clayey sedimen-
tation during the Early Holocene and two subsequent peri-
ods of fine overbank sedimentation have been deciphered on
the LWT, separated from each other by a long-lasting period
without fluvial sedimentation during the Atlantic period. Pre-
boreal clayey sedimentation on the LWT is quite unique in
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central Europe, suggesting a later incision of the Elbe River
compared with other central European rivers.

Sedimentation processes and soil development in this part
of the Elbe valley were connected to former human occupa-
tion. While the palaeochannels on the LWT were temporar-
ily reached by floods during the Preboreal, only allowing a
short occupation by Mesolithic humans, the early Neolithic
findings were found below the following fine-grain younger
Holocene overbanks. Hence, during a longer period between
the Atlantic and Subboreal, the LWT was no longer flooded,
allowing for LPC settlements on the LWT. The following
late Bronze Age features were mainly concentrated around
the topographic peaks of the LWT, and subsequent tempo-
rary flooding of most parts of the LWT obviously stopped
the intensive anthropogenic occupation.

Only multidisciplinary approaches allow for reconstruct-
ing the interdependence between humans and nature in flu-
vial environments, since accurately recorded archaeological
excavations have to be combined with geoarchaeological in-
vestigations to identify distinct sediment units and soils and
their relation with human finds.
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Abstract: Erosion during potential future glaciations, especially the incision of deep tunnel valleys, is a major
challenge for the long-term safety of a radioactive waste repository. Tunnel valleys are a common
feature of formerly glaciated sedimentary basins and were incised by pressurised subglacial meltwa-
ter. Besides glaciological conditions, tunnel-valley formation depends strongly on the erodibility and
hydraulic conductivity of the substratum. In northern Germany, tunnel valleys formed during the Pleis-
tocene glaciations are widespread and may attain depths of almost 600 m. The Pleistocene record may
provide an indication for the potential regional distribution and maximum depth of future glaciogenic
erosion. We present a new overview map of the maximum depth of Pleistocene erosion in northern
Germany. Depth zones were extracted from the existing data and maps provided by the state geologi-
cal surveys. Based on the mapped depth zones, the potential for future tunnel-valley formation can be
assessed. The map may serve as a base to define a spatially variable additional depth that should be
added to the minimum depth of a repository required by legislation.

Kurzfassung: Erosion während möglicher zukünftiger Eiszeiten, insbesondere das Einschneiden tiefer subglazialer
Rinnen, ist eine große Herausforderung für die Langzeitsicherheit eines Endlagers für hochradioak-
tive Abfälle. Subglaziale Rinnen sind in ehemals vergletscherten Sedimentbecken weit verbreitet
und wurden durch subglaziales Schmelzwasser unter hohem Druck eingeschnitten. Außer durch
glaziologische Faktoren wird die Bildung subglazialer Rinnen stark durch die Erodierbarkeit und
die hydraulische Durchlässigkeit des Untergrundes bestimmt. In Norddeutschland sind pleistozäne
subglaziale Rinnen weit verbreitet und erreichen Tiefen von fast 600 m. Die pleistozäne Überliefer-
ung kann Hinweise auf die potenzielle regionale Verbreitung und maximale Tiefe zukünftiger glazi-
gener Erosion liefern. Wir stellen eine neue Übersichtskarte der maximalen pleistozänen Erosionstiefe
in Norddeutschland vor. Tiefenzonen wurden aus den existierenden Daten und Karten, die von den
Staatlichen geologischen Diensten zur Verfügung gestellt wurden, extrahiert. Anhand der kartierten
Tiefenzonen kann das Potenzial einer zukünftigen Bildung subglazialer Rinnen abgeschätzt werden.
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Die Karte kann als Grundlage zur Festlegung eines räumlich variablen Aufschlags zur gesetzlich
vorgeschriebenen Mindesttiefe eines Endlagers dienen.

1 Introduction

Tunnel valleys, although commonly no longer directly per-
ceptible at the surface, are among the most impressive land-
forms related to former glaciations. Tunnel valleys are in-
cised by pressurised meltwater beneath ice sheets and are an
important component of the subglacial hydrological system
(Kehew et al., 2012; van der Vegt et al., 2012). As overdeep-
ened erosional landforms, tunnel valleys form independently
of the regional base level and commonly reach depths of sev-
eral hundreds of metres. The deepest Pleistocene tunnel val-
ley in northern Germany, for example, has a depth of 554 m
below sea level (b.s.l.; Schulz, 2002; Müller and Obst, 2008).

Subglacial erosion during potential future glaciations is
a major challenge for the long-term safety of a repository
for radioactive waste in deep geological formations. Future
tunnel-valley incision is indirectly referred to as “intense ero-
sion caused by an ice age” in the German Site Selection
Act (StandAG, 2017). According to German legislation, the
safety of a repository for high-level radioactive waste must
be assessed for the next 1 million years (StandAG, 2017).
Within this period, up to 10 glaciations could occur that may
reach similar maximum extents as the Pleistocene glaciations
(Fischer et al., 2021). Therefore, the impact of potential fu-
ture glaciations on the safety of a repository must be con-
sidered. The Site Selection Act requires a minimum depth of
the upper boundary of the effective containment zone (ECZ)
of 300 m b.s.l. (StandAG, 2017). However, 300 m may be in-
sufficient to safeguard the effective containment zone against
the impact of deep subglacial erosion.

Assessing the potential for future tunnel-valley formation
and its impact on a repository requires a thorough under-
standing of the processes and controlling factors of tunnel-
valley formation. As the formation of tunnel valleys is con-
trolled not only by geological but also by glaciological and
climatic factors (Kehew et al., 2012; van der Vegt et al., 2012;
Kirkham et al., 2022), predicting future incision is a major
challenge. The dimensions and distribution of Pleistocene
tunnel valleys may provide indications for future glaciogenic
erosion. In this study, we describe a new approach to assess-
ing the potential for future tunnel-valley formation based on
the Pleistocene record. Our new approach is based on the
assessment of the zones of maximum depth of the tunnel val-
leys and aims to recommend a minimum depth of the up-
per boundary of the effective containment zone (300 m or
deeper), considering potential future tunnel-valley formation.

2 Processes of tunnel-valley formation

Tunnel valleys are characterised by undulating basal profiles,
abrupt terminations, steep flanks and infills dominated by
meltwater deposits (e.g. Kehew et al., 2012; van der Vegt et
al., 2012). Various processes have been invoked for tunnel-
valley formation, including erosion by meltwater, rivers or
glaciers in subglacial or proglacial environments. Erosion by
pressurised subglacial meltwater is now generally accepted
as being responsible for tunnel-valley formation (Wingfield,
1990; Ó Cofaigh, 1996; Huuse and Lykke-Andersen, 2000b;
Kehew et al., 2012; van der Vegt et al., 2012; Kirkham et
al., 2022).

Subglacial meltwater conduits are crucial features in the
drainage network of ice sheets, as the meltwater volumes
are too large to be evacuated by groundwater flow (Pi-
otrowski, 1997; Kehew et al., 2012). According to Clayton et
al. (1999), tunnel channels can be defined as subglacial melt-
water conduits with dimensions (width and depth) adapted
to bankfull discharge. Tunnel channels are characterised by
uniform dimensions along their course, lack tributaries and
can commonly be linked to specific palaeo-ice-margin po-
sitions (Clayton et al., 1999). In contrast, tunnel valleys are
higher-order, polyphase features, typically comprising mul-
tiple tunnel channels and their infills (Kehew et al., 2012).
However, due to the wide variety of tunnel valleys and their
infills, there is no single model that can explain all observa-
tions. Current models of tunnel-valley formation broadly fall
into two groups: (i) erosion by steady-state meltwater dis-
charge or (ii) erosion by sudden outbursts from meltwater
reservoirs (cf. Kehew et al., 2012; van der Vegt et al., 2012;
Kirkham et al., 2022).

– (i) Tunnel-valley formation by steady-state meltwater
discharge is a gradual process that requires the sub-
stratum of the ice sheet to be permeable, erodible and
poorly lithified (Boulton and Hindmarsh, 1987; Boul-
ton et al., 2009; Kehew et al., 2012; van der Vegt et
al., 2012; Kirkham et al., 2022). Incision is caused by
downcutting of subglacial tunnel channels that switch
laterally in space and time, forming an anastomosing or
anabranching pattern near the base of the evolving tun-
nel valley (Catania and Paola, 2001; Ravier et al., 2015;
Kirkham et al., 2022). Modelling results by Kirkham
et al. (2022) imply that the meltwater responsible for
tunnel-valley formation is mainly derived from melting
at the surface of the ice sheet. Tunnel-valley formation
is furthermore impacted by the interplay between sub-
glacial channelised meltwater discharge, groundwater
flow and remobilisation of the bed (Boulton and Hind-
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marsh, 1987; Piotrowski et al., 1999; Janszen et al.,
2013; Ravier et al., 2015). If the water pressure in the
subglacial conduits remains lower than in the substra-
tum, the pressure gradient causes a flow from the sub-
stratum into the conduits (Boulton et al., 2009). Creep-
ing of soft sediment into the evolving tunnel valley en-
larges incipient subglacial channels (Boulton and Hind-
marsh, 1987). If the pressure gradient becomes suffi-
ciently high, fluidisation of the substratum may occur
that strongly enhances erosion (Boulton et al., 2009;
Janszen et al., 2013). Vice versa, pressurised meltwa-
ter within a subglacial conduit may trigger hydrofractur-
ing in the substratum that also leads to sediment remo-
bilisation (Ravier et al., 2015). The water pressure be-
neath a warm-based ice sheet is highly variable in both
space and time (Piotrowski et al., 2004), and zones of
increased water pressure are prone to brecciation, liq-
uefaction and fluidisation, allowing for a remobilisation
of the subglacial bed and the gradual incision of tunnel
valleys (Janszen et al., 2013; Ravier et al., 2014, 2015).

– (ii) Outbursts of large volumes of stored meltwater with
high flow velocities and discharge rates are another
possible mechanism of tunnel-valley formation. Inci-
sion by meltwater outbursts is mainly related to retro-
grade erosion, causing the rapid enlargement of an ini-
tial meltwater pathway (Wingfield, 1990; Hooke and
Jennings, 2006). Different models exist on the mag-
nitudes, trigger mechanisms and recurrences of such
subglacial outburst floods. Outburst floods may be re-
sponsible for the formation of individual tunnel chan-
nels (Hooke and Jennings, 2006; Sandersen et al., 2009)
or tunnel valleys (Ehlers and Linke, 1989; Wingfield,
1990; Jørgensen and Sandersen, 2006). Meltwater stor-
age in subglacial lakes is controlled by the hydraulic
gradient, subglacial topography and the permeability of
the substratum (Shreve, 1972; Piotrowski, 1994). The
presence of permafrost, which lowers the permeabil-
ity of the substratum and allows for the accumulation
of meltwater reservoirs, is often considered a prereq-
uisite for subglacial meltwater-reservoir formation (Pi-
otrowski, 1994; Hooke and Jennings, 2006). Outbursts
of stored meltwater occur if the pressure in the meltwa-
ter reservoir exceeds the strength of the impermeable
substratum that forms the seal (Hooke and Jennings,
2006). Tunnel channels or valleys formed by meltwa-
ter outbursts afterwards serve as low-pressure meltwa-
ter conduits (Kehew et al., 2012). Episodic outbursts
along the same pathway will eventually form larger tun-
nel valleys comprising multiple cut-and-fill sequences
(Jørgensen and Sandersen, 2006).

Strong arguments exist both supporting and refuting the dif-
ferent models of tunnel-valley formation (cf. Ó Cofaigh,
1996; Kehew et al., 2012; van der Vegt et al., 2012; Kirkham
et al., 2022). The widespread occurrence of tunnel valleys,

however, suggests the existence of a common mechanism
for their formation. In most instances, a formative model
comprising quasi-steady-state meltwater discharge in com-
bination with small outbursts is applicable to explain tunnel-
valley formation (van der Vegt et al., 2012). In addition to
erosion by meltwater, tunnel-valley evolution may be af-
fected by erosion of the moving ice sheet and mass-wasting
processes, which may enlarge tunnel valleys or modify their
cross-sectional geometries and infills (Prins et al., 2020;
Kirkham et al., 2021, 2022).

Tunnel-valley fills may indicate repeated episodes of ero-
sion and deposition, which may relate to a single ice advance
or multiple ice advances or extend across multiple glacia-
tions (Piotrowski, 1994; Sandersen et al., 2009; Kirkham
et al., 2022). The incision of tunnel valleys by meltwater
is reflected by their infills, which are commonly dominated
by meltwater deposits. Typically, tunnel-valley fills may be
subdivided into synglacial and postglacial deposits (e.g. Pi-
otrowski, 1994; Huuse and Lykke-Andersen, 2000b; Lang et
al., 2012; van der Vegt et al., 2012; Janszen et al., 2013). Syn-
glacial deposits comprise subglacial and ice-contact deposits
formed during or immediately after incision and proglacial
successions deposited during ice-sheet retreat. Meltwater de-
posits typically display fining-upward trends due to depo-
sition at an increasing distance from the ice margin, with
fine-grained glaciomarine or glaciolacustrine deposits form-
ing the uppermost part of the synglacial successions. After
deglaciation, remnant tunnel valleys commonly form local
depocentres for postglacial marine, lacustrine or fluvial de-
position (Ehlers and Linke, 1989; Piotrowski, 1994; Lang et
al., 2012; Janszen et al., 2013; Lang et al., 2015; Steinmetz
et al., 2015).

3 Controlling factors of tunnel-valley formation

Tunnel-valley formation is controlled by glaciological and
geological factors. Glaciological factors include the thick-
ness and temperature of the ice sheet, which control the
availability and pressure of the meltwater. Furthermore, tun-
nel valleys develop broadly parallel to the ice-flow direction.
The geological control on tunnel-valley formation is mainly
exerted by the erodibility and hydraulic conductivity of the
substratum (Ó Cofaigh, 1996; Huuse and Lykke-Andersen,
2000b; Kehew et al., 2012; van der Vegt et al., 2012).

3.1 Substratum control

Tunnel valleys are generally restricted to areas with an eas-
ily erodible substratum as the infill of sedimentary basins.
In areas characterised by resistant (e.g. crystalline) bedrock,
eskers form instead of tunnel valleys (Boulton et al., 2009;
Kehew et al., 2012).

In northern central Europe, the highest density of Pleis-
tocene tunnel valleys and the deepest incisions occur in ar-
eas with thick, largely unlithified Cenozoic deposits (Hin-
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sch, 1979; Kuster and Meyer, 1979; Ehlers and Linke, 1989;
Stackebrandt et al., 2001; Stackebrandt, 2009; Lohrberg et
al., 2020; Ottesen et al., 2020). Tunnel valleys, which were
incised into more resistant (Mesozoic) rocks, are gener-
ally relatively shallow (Stackebrandt, 2009; Sandersen and
Jørgensen, 2012). According to Stackebrandt (2009), Pleis-
tocene tunnel valleys in northern Germany are concentrated
in the area of the subsiding basin axis of the North German
Basin, which was oriented approximately normal to the main
ice-advance directions.

Tunnel-valley formation also depends on the hydraulic
conductivity of the substratum. Initial subglacial incision
commonly occurs if the substratum is unable to drain melt-
water by groundwater flow, e.g. in areas of high meltwater
production or low-permeability substrata (Piotrowski, 1997;
Huuse and Lykke-Andersen, 2000b; Boulton et al., 2009;
Kehew et al., 2012; Sandersen and Jørgensen, 2012). A
layer-cake stratigraphy of high- and low-permeability strata
favours the build-up of high pressures in subglacial aquifers,
allowing for remobilisation of the sediment at the margins
of tunnel valleys (Janszen et al., 2013; Ravier et al., 2014;
Ravier et al., 2015).

3.2 Structural control

Faulting modifies the hydraulic conductivity and resistance
to erosion of the affected rocks, thus creating structural
weaknesses, which may act as preferential pathways of
tunnel-valley incision (Wenau and Alves, 2020; Sander-
sen and Jørgensen, 2022). Sandersen and Jørgensen (2022)
demonstrated a close correlation between the orientations of
faults and tunnel valleys in Denmark, suggesting that the lo-
cations of many tunnel valleys are fault controlled. However,
there are few studies showing a clear connection between
faults and the incision of tunnel valleys (e.g. Al Hseinat et
al., 2016; Wenau and Alves, 2020; Brandes et al., 2022). Fur-
thermore, Stackebrandt (2009) suggested that also the termi-
nations of tunnel valleys might be controlled by (neotecton-
ically active) faults based on the observation of the simulta-
neous beginning and ending of parallel tunnel valleys.

Different interpretations exist on the impact of salt struc-
tures on tunnel-valley formation, based on observations that
tunnel valleys may cross-cut, be parallel to or evade salt
structures. Some tunnel valleys cut across salt structures, cre-
stal faults and rim synclines without any perceptible interre-
lation (Grube, 1983; Ehlers and Linke, 1989; Sonntag and
Lippstreu, 2010). In other cases, tunnel-valley incision is in-
terpreted as having exploited pre-existing weaknesses related
to salt structures, such as crestal faults or depressions re-
lated to the subsurface dissolution of evaporites (Kuster and
Meyer, 1979; Ehlers and Linke, 1989; Huuse and Lykke-
Andersen, 2000b; Lang et al., 2014; Wenau and Alves,
2020). Based on the interpretation of 3D seismic data from
the southern North Sea, Wenau and Alves (2020) demon-
strated that some tunnel valleys follow the trend of under-

lying salt structures and their crestal graben faults. In con-
trast, Kristensen et al. (2007) mapped tunnel valleys that cir-
cle around salt diapirs. Such changes in tunnel-valley trends
may be explained by the uplift of more resistant sedimen-
tary rocks at the flanks of salt structures (Kuster and Meyer,
1979) or by hydrogeological changes near salt structures (Pi-
otrowski, 1997).

4 Pleistocene tunnel valleys in northern Germany

Northern Germany is one of the classic areas for tunnel-
valley research, and tunnel valleys are a common feature in
the areas that were covered by the Pleistocene ice sheets.
Three major glaciations referred to as the Middle Pleistocene
Elsterian and Saalian and the Late Pleistocene Weichselian
glaciations are well documented (e.g. Litt et al., 2007; Ehlers
et al., 2011). Pleistocene tunnel valleys in northern Germany
are several hundred metres deep; are several hundred metres
to a few kilometres, in extreme cases 8–12 km, wide; and can
be longer than 100 km (e.g. Kuster and Meyer, 1979; Ehlers
and Linke, 1989; Smed, 1998; Stackebrandt, 2009; Gegg and
Preusser, 2023, and references therein).

Deep tunnel valleys characterise the base of the Quater-
nary across northern Germany and are generally interpreted
as having formed during the Elsterian glaciation (Grube,
1979; Hinsch, 1979; Kuster and Meyer, 1979; Ehlers and
Linke, 1989; Stackebrandt, 2009). The major trend of the
tunnel valleys is north–south in northwestern Germany and
northeast–southwest in northeastern Germany, which is gen-
erally interpreted as pointing to different ice-advance direc-
tions and probably a temporal change in the ice-advance di-
rections (Ehlers and Linke, 1989; Stackebrandt, 2009). How-
ever, the tunnel valleys form a complex net-like anastomos-
ing pattern and the controls on tunnel-valley orientations
may be more complex. Major tunnel valleys display a reg-
ular spacing of 25 to 30 km (Stackebrandt, 2009). The deep-
est mapped Elsterian tunnel valley has a maximum depth
of 554 m b.s.l. (Schulz, 2002; Müller and Obst, 2008). The
deep ( > 200 m) Elsterian tunnel valleys were formed at a
distance of at least 100 km inside the former ice margin. Shal-
lower (< 100 m) Elsterian tunnel valleys are known from ar-
eas close to the former ice-marginal position (e.g. Eissmann,
2002; Lang et al., 2012).

In contrast to the many and deep Elsterian tunnel valleys,
Saalian tunnel valleys are generally considered rare (Pass-
chier et al., 2010). The few tunnel valleys that have been at-
tributed to the Saalian glaciation are commonly isolated and
shallow (< 100 m) features (e.g. Grube, 1979; Piotrowski,
1994; Piotrowski et al., 1999). Passchier et al. (2010) sug-
gested that the lack of Saalian tunnel valleys may be re-
lated to different glaciological and hydrogeological condi-
tions compared with the Elsterian glaciation. However, the
attribution of the majority of tunnel valleys to the Elsterian
glaciation is almost entirely based on lithostratigraphy.
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The Weichselian glaciation had a lesser maximum extent
than the Middle Pleistocene glaciations, covering only parts
of northern Germany (Ehlers et al., 2011). Weichselian tun-
nel valleys are shallower (< 100 m), shorter and narrower
than their Elsterian counterparts (Smed, 1998; Stackebrandt,
2009). Weichselian tunnel valleys are visible in the present-
day landscape as narrow depressions, commonly leading to
the formation of lakes. In some instances, Weichselian tun-
nel valleys can be linked to palaeo-ice-marginal positions and
outwash fans (Smed, 1998; Jørgensen and Sandersen, 2006).

5 Data

As a database for this study, maps and models showing
the base of the Quaternary provided by the state geological
surveys of Schleswig-Holstein, Hamburg, Bremen, Lower
Saxony, Saxony-Anhalt, Mecklenburg-Western Pomerania,
Brandenburg and Berlin were used (Table 1). Most of the
maps showing the base of the Quaternary were provided as
line shapefiles by the state geological surveys.

Currently, all northern German state geological surveys
are in the process of revising their base Quaternary maps
or creating 3D models of the medium-depth subsurface. The
results of new boreholes and geophysical investigations and
their interpretations will be used to update the maps of the
base Quaternary and adapt them to the current state of re-
search. However, the progress and planned completion dates
of the individual federal states vary, so it was decided to work
with the data that were available at the starting point of this
project.

The base Quaternary maps were used as the main input
data sets. The base of the Quaternary actually represents a
diachronous basal surface of glaciogenic erosion, which can
mostly be attributed to the Middle Pleistocene ice advances.
As the focus of this project is on the areas with the deepest
erosion, the investigations concentrate on the mapped tun-
nel valleys. For this purpose, the tunnel valleys were ex-
tracted from the respective base Quaternary maps of the fed-
eral states.

For data preparation, ArcMap (version 10.8.1) and ArcGIS
Pro (version 2.9.1) were used. Merging the depth-contour
maps of the individual federal states into a common map
proved a major challenge. The use of different data sets, res-
olutions and mapping approaches led to major discontinu-
ities at the state borders. Without data harmonisation and/or
reinterpretation of the border areas, the maps could not be
merged. However, such a reinterpretation was not possible
within the time frame of our project. Therefore, the data
for each federal state were considered individually in the
first step.

6 Methods

The focus of this study was on the evaluation of areas with
deep tunnel valleys. Therefore, the areas without clearly de-
fined tunnel valleys and with an erosion depth of less than
100 m were removed from the data sets. After this manual
processing, only the deep tunnel valleys remain visible on
the map (Fig. 1).

To further reduce the complexity of the base Quaternary
maps, a geographic information system (GIS) workflow was
developed to extract the thalweg lines of the tunnel valleys.
The GIS workflow made it possible to extract the deepest
points along the tunnel valleys. Details on the GIS workflow
are provided in the Supplement (Figs. S1 and S2). Based on
the map of the tunnel-valley thalwegs and their depths, zones
of similar maximum tunnel-valley depths were defined.

7 Results

Removing the areas from the base Quaternary maps that
are shallower than 100 m b.s.l. provides a comprehensive
overview of the Pleistocene tunnel-valley network (Fig. 1).
The deepest parts and southern terminations of the tunnel
valleys are both aligned in an approximately northwest–
southeast-trending zone.

The extracted thalweg map allows for an easier recogni-
tion of individual tunnel valleys and their respective depths
(Fig. 2). As each wide tunnel valley is now represented by a
line of defined depth (Fig. 2), it becomes easier to identify
zones of similar maximum depth (Fig. 3). Furthermore, the
thalweg lines will be intersected with other geological struc-
tures and units to analyse their relationships and potential
impact on the formation of the tunnel valleys in a subsequent
step of our project. The visual analysis of the data showed
that the tunnel valleys could be divided into five depth zones:
no tunnel valley deeper than 100 m, up to 200 m, up to 300 m,
up to 400 m and up to 600 m (Fig. 3), with the zone “no tun-
nel valley deeper than 100 m” extending to the maximum ice
margin. The transitions between the depth zones are always
placed at the terminations of the respective tunnel-valley sec-
tions and therefore occur abruptly. The depth zones of the
tunnel valleys display a clear northwest–southeast-trending
pattern. The deepest zone occurs in an area approximately
between Hamburg and Berlin (Fig. 3). Towards the northeast
and southwest, the maximum depths decrease successively.

8 Discussion

We developed an effective and timesaving method to extract
an overview map of the Pleistocene tunnel-valley network
from the available data sets. The focus of the new map is
on the distribution of the maximum depths rather than on
individual tunnel valleys and their geometries.
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Table 1. The input data (maps and models of the base of the Quaternary) for each federal state, with data type, scale, year of publication and
reference, as far as this information is known. “/” denotes no scale.

Data type Scale Publication date Reference

Schleswig-Holstein (SH) line shapefile 1 : 200 000 2016 provided by the geological survey
Hamburg (HH) surface (.ts) / 2018 provided by the geological survey
Bremen (HB) surface (.ts) / 2016 provided by the geological survey
Lower Saxony (NDS) line shapefile 1 : 500 000 2011 provided by the geological survey
Mecklenburg-Western Pomerania (MVP) line shapefile unknown 2002 Brückner-Röhling et al. (2002)
Saxony-Anhalt (SA) line shapefile 1 : 50 000 1993–2014 provided by the geological survey
Berlin and Brandenburg (BB) point shapefile 1 : 1 000 000 2010 Noack et al. (2010)

Figure 1. Map showing the digital elevation model (DEM) of northern Germany with a cell size of 50 m (© GeoBasis-DE/BKG) and a raster
of the tunnel valleys with a cell size of 100 m extracted from the base Quaternary data sets.

By calculating the thalweg lines, the map of the distri-
bution and maximum depths of the tunnel valleys becomes
much clearer and focussed on the major incisions (Fig. 2).
When interpreting the course of the thalweg lines, however,
it is important to bear in mind that the “Flow Accumulation”
tool is a hydrological tool that always searches for connec-
tions downslope. Although tunnel valleys represent former
drainage pathways, the tunnel-valley floors display undulat-
ing morphologies. This undulating morphology is character-
istic of tunnel valleys and caused by the flow of pressurised

water below an ice sheet (Kehew et al., 2012; van der Vegt
et al., 2012). The derived thalweg maps represent a simplifi-
cation of the complex tunnel-valley network. Therefore, the
map of the thalweg lines should always be considered in
combination with contoured depth maps, as otherwise the
continuity of the tunnel valleys is underestimated.

The ultimate aim of our research is to assess the long-term
safety of a repository for highly radioactive waste and, in
particular, effects on the integrity of the effective contain-
ment zone (ECZ). The deepest tunnel valleys attain depths
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Figure 2. Map showing the digital elevation model (DEM) of northern Germany with a cell size of 50 m (© GeoBasis-DE/BKG) and the
result of the thalweg extraction. The depths of the thalweg lines are colour-coded.

of more than 500 m (Fig. 3). Potential future erosion with
similar depths may thus pose a risk to the ECZ. However,
legislation only stipulates a required minimum depth of the
top of the ECZ of 300 m b.s.l. (StandAG, 2017).

The depths of Pleistocene tunnel valleys clearly exceed the
legally required minimum depth of 300 m. To minimise the
risk posed by future tunnel-valley formation, an additional
depth might be added to the minimum depth requirement.
The mapped depth zones can be used to guide the definition
of such an additional depth (Figs. 4 and 5).

The block diagram (Fig. 4) represents a schematic cross
section across the Pleistocene tunnel valleys of northern Ger-
many. Within the block diagram the geological bedrock is not
further divided and therefore consists only of preglacial rocks
and syn- and postglacial deposits. A dashed black line indi-
cates the legally required minimum depth (A) of the repos-
itory (300 m). The dashed red line represents the envelope
of the tunnel-valley bases. Deep tunnel valleys (> 100 m)
only occur near the maximum extent of the Pleistocene ice
sheets. The greater the distance from the maximum ice-sheet
extent, the greater the number and depth of the tunnel valleys.
The calculated depth zones of the tunnel valleys (Fig. 3) are
shown in the block diagram. Since the deepest tunnel valleys

in northern Germany have only been formed in a spatially
limited area, it is postulated that this will also be the case in
the future. In the central area with the greatest tunnel-valley
depths (up to 600 m), the final depth of the repository must
be significantly below the depth of the tunnel valleys.

It has long been observed that tunnel valleys tend to form
in certain areas that provide favourable conditions (e.g. Boul-
ton et al., 2009; Stackebrandt, 2009; Kehew et al., 2012).
Considering the depth and distribution of the tunnel valleys
together with the pre-Quaternary subcrop map (i.e. a map
without the Quaternary deposits; Fig. 5), it becomes clear
that the majority of, and deepest, tunnel valleys occur in the
central area of the basin, where poorly lithified and easily
erodible Neogene sediments of the Pliocene and Miocene un-
derlie the Quaternary deposits. In northeastern Mecklenburg-
Western Pomerania, where more resistant Jurassic and Cre-
taceous rocks underlie the Quaternary deposits, significantly
fewer and shallower tunnel valleys (Fig. 5) are present. Fig-
ure 6 shows the depth to near the base of the Cenozoic suc-
cession (top Danian Chalk Group; Doornenbal and Steven-
son, 2010) together with the tunnel-valley thalwegs. For clar-
ity, only thalweg depths greater than 200 m are shown. The
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Figure 3. Map showing the analysed depth zones of the tunnel valleys defined from the spatial distribution of the thalweg depths. Five
different depth zones were defined.

Figure 4. Block diagram showing a schematic section across the
five zones of tunnel-valley depths.

map can be regarded as an approximate thickness map of the
Cenozoic succession.

The greatest depths of the tunnel-valley thalwegs are
reached in the central basin area where the thickness of the
Cenozoic sediments is highest. The location of the basin cen-
tre correlates with the majority of the deep tunnel valleys be-
tween 200 and 558 m b.s.l. (Fig. 6). The Palaeogene and Neo-
gene units consist mainly of poorly lithified sands, silts and
clays (Doornenbal and Stevenson, 2010). The greater erodi-

bility of the poorly lithified sediments most likely favoured
deep tunnel-valley incision (cf. Stackebrandt, 2009; Kehew
et al., 2012).

Deep glaciogenic erosion is also caused by the formation
of basins associated with glaciotectonic thrust complexes.
Basins are formed beneath the ice sheet where thrust sheets
are removed and transported to the ice margin to form glacio-
tectonic ridges (van der Wateren, 1995; Huuse and Lykke-
Andersen, 2000a; Aber and Ber, 2007). Individual thrust
sheets can be up to 250 m thick and can be transported
for several kilometres (Kupetz, 1997; Huuse and Lykke-
Andersen, 2000a; Winsemann et al., 2020). The depth of the
basins and the thickness of the thrust sheets are controlled by
the depth of the detachment, which typically consists of me-
chanically weak beds of clay, chalk or organic-rich sediments
(Huuse and Lykke-Andersen, 2000a; Andersen et al., 2005;
Aber and Ber, 2007). Detachments may occur in depths of
up to 350 m (Huuse and Lykke-Andersen, 2000a; Aber and
Ber, 2007). In northern Germany, glaciotectonic complexes
with associated basins have formed during all major ice ad-
vances (Meyer, 1987; Van Der Wateren, 1995; Kupetz, 1997;
Winsemann et al., 2020; Gehrmann et al., 2022). Glaciotec-
tonic basins attain maximum depths between 120 and 290 m
(Kupetz, 1997; Winsemann et al., 2020). However, as these
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Figure 5. Pre-Quaternary subcrop map (i.e. a map without the Quaternary deposits), which is a combination of the pre-Quaternary subcrop
map of the Gorleben project (Brückner-Röhling et al., 2002) and the pre-Quaternary subcrop map of Mecklenburg-Western Pomerania at
1 : 500 000 (Schütze, 2006) and the pre-Quaternary subcrop map of Brandenburg from the Atlas zur Geologie von Brandenburg (Stackebrandt
et al., 2010) at 1 : 1 000 000.

Figure 6. Map showing the near base of the Cenozoic (top Danian Chalk Group) derived from the Southern Permian Basin Atlas (Doornenbal
and Stevenson, 2010). The green lines show the thalweg lines of the tunnel valleys with depths ranging from 200 to 558 m.
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basins are shallower than many tunnel valleys, they are not
clearly visible on most maps of the base Quaternary.

Predicting future tunnel-valley formation is extremely
challenging due to the complex glaciological and geologi-
cal factors controlling tunnel-valley formation. The analysis
of the Pleistocene record provides valuable insights into the
patterns of tunnel-valley formation that will apply to the fu-
ture processes. It seems plausible that areas where deep inci-
sion occurred during the Pleistocene glaciations may also be
affected by future glaciogenic erosion. The favourable con-
ditions for tunnel-valley formation are related to the over-
all regional geological setting, e.g. the setting in a sedimen-
tary basin filled by poorly lithified and erodible deposits.
The overall geological setting is unlikely to undergo ma-
jor changes in the next 100 000 to 1 000 000 years. How-
ever, glaciations will strongly modify the morphology and
near-surface geology. Therefore, in the case of multiple fu-
ture glaciations, an assessment of potential tunnel-valley for-
mation becomes even more challenging. Furthermore, multi-
ple occupations of tunnel valleys may occur (e.g. Piotrowski,
1994; Jørgensen and Sandersen, 2006) and a reactivation of
tunnel valleys during future glaciations cannot be ruled out.

For the recommendation of the depth zones, several as-
sumptions need to be made with regard to (i) the available
data of the study area, (ii) maximum tunnel-valley depths
and (iii) the extent of future glaciations. The study area is
sufficiently well explored, and maps of the existing tunnel
valleys are available from the state geological surveys and
other publications. The source data are very heterogeneous,
with regional and local variations, as the published maps of
the base Quaternary have been under constant revision since
the 1970s. The overall density of data in the study area is very
high, and we can assume that no major structures have been
overlooked that would change the observed broad trends.
However, new details of the Pleistocene tunnel-valley net-
work are still being revealed by ongoing mapping (e.g. Hese
et al., 2021; Bruns et al., 2022; Lohrberg et al., 2022a, b).
With maximum depths of 554 m b.s.l., the tunnel valleys in
northern Germany are among the deepest known tunnel val-
leys (Schulz, 2002; Müller and Obst, 2008; Stackebrandt,
2009). Similar extreme depths are known from the Nether-
lands (ten Veen, 2015) and the continental shelf off the east
coast of North America (Macrae and Christians, 2013). How-
ever, the vast majority of tunnel valleys are shallower than
400 m (Kehew et al., 2012; van der Vegt et al., 2012; Otte-
sen et al., 2020). Therefore, very deep tunnel valleys can be
considered extreme examples formed under favourable con-
ditions. Future research should investigate these favourable
conditions in more detail. A similar assumption applies to the
potential extent of future glaciations, where the well-studied
Pleistocene ice-sheet extents (e.g. Ehlers et al., 2011; Batche-
lor et al., 2019) serve as analogues for probable future glacial
limits.

9 Conclusions

Subglacial tunnel valleys are among the deepest erosional
landforms and are ubiquitous features of formerly glaciated
sedimentary basins. Tunnel valleys are incised by pressurised
meltwater and are thus formed independently of any regional
base level. In addition to glaciological factors, tunnel-valley
formation is strongly controlled by the geology of the sub-
stratum. The main geological controls are the resistance to
erosion and the hydraulic conductivity.

Tunnel-valley formation during potential future glacia-
tions needs to be included in the long-term safety assessment
of radioactive waste repositories. As prediction of the loca-
tion of future tunnel valleys is a major challenge, the new
depth-zonation map provides a straightforward approach to
assessing the potential for tunnel-valley formation based on
the Pleistocene record. When recommending the minimum
depth for a repository, the geology of the substratum should
also be considered and its potential impact on tunnel-valley
formation assessed.
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Abstract: The ongoing ecological conversion of mountain forests in central Europe from widespread Picea
monocultures to mixed stands conceptually also requires a historical perspective on the very long-
term, i.e. Holocene, vegetation and land-use dynamics. Detailed sources of information for this are
palynological data. The Erzgebirge in focus here, with a maximum height of 1244 m a.s.l., represents
an extreme case of extensive historical deforestation since the Middle Ages due to mining, metal-
lurgy, and other industrial activities, as well as rural and urban colonisation. For this regional review
we collected and evaluated 121 pollen diagrams of different stratigraphic, taxonomic, and chronolog-
ical resolution. This number makes this region an upland area in central Europe with an exceptionally
high density of palynological data. Using well-dated diagrams going back to the early Holocene,
main regional vegetation phases were derived: the Betula–Pinus phase (ca. 11 600–10 200 cal yr BP),
the Corylus phase (ca. 10 200–9000 cal yr BP), the Picea phase (ca. 9000–6000 cal yr BP), the Fagus–
Picea phase (ca. 6000–4500 cal yr BP), the Abies–Fagus–Picea phase (ca. 4000–1000 cal yr BP), and
the anthropogenic vegetation phase (ca. 1000–0 cal yr BP). Some diagrams show the presence or even
continuous curves of potential pasture and meadow indicators from around 2000 cal BCE at the ear-
liest. Even cereal pollen grains occur sporadically already before the High Medieval. These palyno-
logical indications of a local prehistoric human impact also in the higher altitudes find parallels in the
(geo-)archaeologically proven Bronze Age tin placer mining and in the geochemically proven Iron
Age metallurgy in the Erzgebirge. The pollen data show that immediately before the medieval clear-
ing, i.e. beginning at the end of the 12th century CE, forests were mainly dominated by Fagus and
Abies and complemented by Picea with increasing share towards the highest altitudes. According to
historical data, the minimum of the regional forest cover was reached during the 17th–18th centuries
CE. The dominance of Picea in modern pollen spectra is caused by anthropogenic afforestation in
the form of monocultures since that time. Future palynological investigations, preferably within the
framework of altitudinal transect studies, should aim for chronologically and taxonomically high-
resolution and radiometrically well-dated pollen diagrams from the larger peatlands.
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Kurzfassung: Der ökologische Umbau der Gebirgswälder in Mitteleuropa von vorherrschenden Picea-
Monokulturen zu gemischten Beständen erfordert konzeptionell auch eine historische Perspektive
auf die sehr langfristige, das heißt holozäne Vegetations- und Landnutzungsdynamik. Eine detail-
reiche Informationsquelle dafür sind palynologische Daten. Das hier im Fokus stehende, maximal
1244 m NN hohe Erzgebirge repräsentiert einen Extremfall flächendeckender historischer Entwal-
dung seit dem Mittelalter durch Bergbau, Metallurgie, weitere industrielle Aktivitäten sowie bäuer-
liche und städtische Kolonisation. Für dieses regionale Review wurden durch uns 121 Pollendia-
gramme unterschiedlicher stratigraphischer, taxonomischer und chronologischer Auflösung gesam-
melt und evaluiert. Diese Anzahl macht diese Region zu einem Gebirgsareal in Mitteleuropa mit einer
besonders hohen Dichte an palynologischen Daten. Anhand zeitlich bis in das Frühholozän zurück-
reichender, gut datierter Diagramme wurden regionale Hauptvegetationsphasen abgeleitet: Betula–
Pinus-Phase (ca. 11 600–10 200 cal yr BP), Corylus-Phase (ca. 10 200–9000 cal yr BP), Picea-Phase
(ca. 9000–6000 cal yr BP), Fagus–Picea-Phase (ca. 6000–4500 cal yr BP), Abies–Fagus–Picea-Phase
(ca. 4000–1000 cal yr BP) und anthropogene Phase (ca. 1000–0 cal yr BP). Einige Diagramme zeigen
das Vorhandensein oder sogar kontinuierliche Kurven potenzieller Weide- und Wiesenindikatoren ab
frühestens etwa 2000 cal BCE. Auch Getreidepollen kommen vereinzelt schon vor dem Hochmitte-
lalter vor. Diese palynologischen Hinweise auf einen lokalen prähistorischen menschlichen Einfluss
auch in den höheren Gebirgslagen finden Parallelen in dem (geo-)archäologisch nachgewiesenen
bronzezeitlichen Zinn-Seifenbergbau und in der geochemisch nachgewiesenen eisenzeitlichen Met-
allurgie im Erzgebirge. Die Pollendaten zeigen, dass unmittelbar vor der mittelalterlichen Rodung,
das heißt beginnend am Ende des 12. Jahrhunderts, in allen Höhenzonen des Gebirges die Wälder
durch Fagus und Abies dominiert waren, ergänzt durch einen zunehmenden Anteil von Picea in den
Hochlagen. Das Minimum der regionalen Waldbedeckung wurde nach historischen Daten im 17.–18.
Jahrhundert erreicht. Die Dominanz von Picea in modernen Pollenspektren wurde durch anthropo-
gene Aufforstungen in Form von Monokulturen seit dieser Zeit verursacht. Künftige palynologische
Untersuchungen, bevorzugt im Rahmen von Höhentransekt-Studien, sollten auf chronologisch und
taxonomisch hoch aufgelöste sowie radiometrisch gut datierte Pollendiagramme aus größeren Mooren
zielen.

1 Introduction: an extreme mountain forest
landscape

With regard to their forests, the Erzgebirge (Czech: Krušne
hoří, English: Ore Mountains; Fig. 1) represent a histori-
cal extreme in central Europe, both in environmental and
scientific–academic terms. Against the background of harsh
but not at all extreme natural conditions in this up to
1244 m a.s.l. high mountain range, extremely intensive min-
ing and other industrial as well as agricultural activities
from the 12th to the 18th centuries CE temporarily led to
almost complete deforestation (Thomasius, 1994; Hempel,
2009). The extent of clearing is certainly unique in the
central European uplands, even though similar medieval
to early modern mountain forest and mining areas, such
as Harz, Schwarzwald, Sudetes, Böhmerwald/Šumava, or
Českomoravská vrchovina, were also affected by intensive
overexploitation of its wood resources (Segers-Glocke and
Witthöft, 2000; Hrubý et al., 2014; Rösch, 2015; Cem-
brzyński, 2019; Piekalski, 2020; Kozáková et al., 2022).

After the re-establishment of now highly artificial (spruce)
forests in the 18th and 19th centuries CE (Thomasius, 1994),
two further anthropogenically triggered extremes followed

in the 20th century CE: first, large parts of the Bohemian
Erzgebirge were depopulated by the expatriation of the Ger-
mans after World War II. An open, intensively used land-
scape for centuries widely became a fallow or forested land-
scape here again (Bičík and Štěpánek, 1994; Zelinka et al.,
2021). Second, from the 1960s to the 1990s large parts of the
forests died back (German: Waldsterben) due to heavy in-
dustrial air pollution basically by sulfur dioxide emissions
(Zimmermann et al., 2003; Grunewald and Bastian, 2015;
Kupková et al., 2018). Together with the nearby Jizera/Izera
Mountains, the Erzgebirge represented a part of the so-called
“Black Triangle region”, which was an industrial pollution
hotspot caused by lignite combustion for energy generation
in the border area between east Germany, the Czech Repub-
lic, and Poland. Nowhere else in central Europe was the ex-
tent of forest dieback and other environmental effects of in-
dustrial air pollution so extreme as here (Kubíková, 1991;
Schmidt, 1993; Scheithauer and Grunewald, 2007).

But the Erzgebirge and its forest also came up with –
this time positively connoted – extremes from a scientific–
academic point of view: the humanistic scholar Georgius
Agricola (1494–1555) developed the mining sciences in
the Erzgebirge. Various geoscientific disciplines were estab-
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Figure 1. Distribution map of pollen diagrams in the Erzgebirge. (a) Situation of the study area in central Europe. (b) Pollen diagrams
collected from the study area (green dots are the pollen diagrams with IDs, blue triangles are prominent mountain tops, red squares are
towns, and the red line is the state border). For decoding and referencing of the IDs see Table 1. The steep southern escarpment of Erzgebirge
to the Ohře/Eger Graben and the North Bohemian Basin is clearly visible in the underlying digital elevation model, forming a diagonal,
SW–NE trending structure. The digital elevation data are funded under the GMES preparatory action 2009 on Reference Data Access by the
European Commission, DG Enterprise and Industry (https://sdi.eea.europa.eu/, last access: 13 June 2022).

lished at the Mining Academy founded in Freiberg in 1765,
one of the oldest in the world. In 1713, the Saxon mining
official Hans Carl von Carlowitz (1645–1714) developed the
principle of sustainability in forestry due to the pressing re-
gional timber shortage (Grober, 2012; von Carlowitz and
von Rohr, 2012). Today sustainability, although more com-
prehensively defined, is the increasingly influential guiding
principle of a meaningful global development. A little later,
in 1811–1816, one of the oldest forest faculties in the world
was founded in nearby Tharandt, which still influences the
forest practice and the regional forest structure to this day.

Finally, at the beginning of the 20th century CE, the Bo-
hemian and Saxon Erzgebirge became the subject of system-
atic, large-scale palynological investigations into the post-
glacial forest history (Rudolph and Firbas, 1924): in the early
days of palynology and for the first time with such intensity
in a central European low mountain range, with astonishing
modernity to this day. In general, it can be said for the Erzge-
birge that in the past extreme forest resource problems re-
sulted in extreme forest scientific and academic innovation
forces!

Now at the beginning of the 21st century CE, after around
200 years of relative climatic stability and after around
30 years of ecological restoration, the Erzgebirge is once
again affected by a rapid change in its environment in gen-
eral and especially in its forests: recent climate change with

its extreme weather events, such as storms and droughts,
but also initially rather unspectacular, long-term phenomena,
such as the increase in temperatures and decrease in snow
precipitation (Bednářová et al., 2014; Vlach et al., 2021),
predictably lead to a more or less “catastrophic end” to the
previous forest management system dominantly comprising
spruce monoculture age class forests. The new forest cri-
sis is expressed by large areas severely damaged (12 200 ha)
and completely cleared (2600 ha) of mainly spruce forest be-
tween 2017 and 2020 by abiotic (drought, storm) and biotic
factors (bark beetles; Gdulová et al., 2021). In general, the
severe bark beetle infestation in spruces that occurred during
the last few years has led to an unheard-of amount of dam-
aged forests since the beginning of regulated forestry in Sax-
ony some 200 years ago (SMEKUL, 2020). Although alter-
native forest management concepts, such as the principle of
natural forest or permanent (mixed) forest, have a long local
tradition in the region and beyond (Möller, 1922; Krutzsch,
1952), they could not prevail against the industrial engineer-
ing forest mainstream in the 20th century CE (Knapp et al.,
2021). Only in the last two to three decades have the forests
in the Erzgebirge been increasingly “rebuilt” from an ecolog-
ical point of view; that is, a mixed mountain forest mainly
consisting of beech, fir, and spruce has been replanted at the
sites of previous spruce monocultures (Eisenhauer and Son-
nemann, 2009; Staatsbetrieb Sachsenforst, 2017).
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The underlying theoretical concept is based on both forest
ecological observations and ecological–theoretical consider-
ations in the region and beyond (e.g. Ellenberg, 1996; Küss-
ner and Mosandl, 2002), as well as, but to a very limited ex-
tent, on forest historical analyses for the past few centuries
(Thomasius, 1994; Hempel, 2009). However, the region also
has a not yet fully exploited potential for very long-term anal-
yses of forest dynamics depending on natural and anthro-
pogenic processes: more than 120 pollen diagrams have been
produced from the Erzgebirge since the 1920s (see Sects. 3
and 4). This number makes this region an upland area in cen-
tral Europe with an exceptionally high density of palynolog-
ical data on forest and land-use history.

Initiated by current research on the medieval and early
modern mining and environmental history in the Erzgebirge
(e.g. Derner, 2018; Hemker, 2018; Tolksdorf, 2018; Cappen-
berg et al., 2020; Kaiser et al., 2021), the opportunity arose to
systematically compile the palynological data available from
the region, make it accessible for further research, and carry
out overview analyses on it. This review paper therefore fo-
cuses on data presentation and certain data reflection, espe-
cially in methodical terms, as well as on selected research
questions about regional forest and land-use dynamics in the
Holocene.

(1) What were the general trends in Holocene forest devel-
opment in the Erzgebirge? (2) What were the distributional
patterns of the main tree taxa (e.g. with respect to altitude and
soil) in certain forest vegetation phases? (3) Are there any
palynological signals that indicate an already pre-medieval
anthropogenic influence on the mountain forests? (4) How
were forests composed at different altitudes before extensive
clearings in the High Middle Ages (12th–13th centuries CE)?
(5) How is the deforestation and the subsequent replacement
vegetation reflected palynologically? (6) Are there sediment
sequences in the Erzgebirge that could reveal the vegetation
development of the recent past, i.e. the last ca. 300 years?

2 Study area

Identified in early medieval sources as Miriquidi (also Mir-
cwidu; old Low German for “dark forest”), the area was re-
ferred to as Böhmerwald, Böhmischer Wald, or Böhmisches
Gebirge in the high and late Middle Ages up to the Early
Modern Period (Hengst, 2006). It was not until the end of
the 16th century CE that the name Erzgebirge came up, re-
ferring to the character of this area by ore mining (Peschel
and Wetzel, 2010). The mountain range has formed a natu-
ral border between the territories of Saxony (Germany) and
Bohemia (Czech Republic) for around 800 years (Thoma-
sius, 1994; Lauterbach, 2018). For centuries the Erzgebirge
played an outstanding role in the mining and other indus-
tries in central Europe and made important contributions to
ores, metallurgical and other products as well as to techni-
cal and academic innovations. Parts of the Erzgebirge were

therefore assigned as a UNESCO world heritage site Erzge-
birge/Krušnohoří mining region in 2019 (ICOMOS, 2019;
Hansell, 2022).

The Erzgebirge has a larger German/Saxon and a smaller
Czech/Bohemian part with a total area of ca. 5300 km2.
The around 130 km long and 40 km wide Erzgebirge ex-
tends from the Elbsandsteingebirge in the northeast to the El-
stergebirge (Vogtland) in the southwest (Bramer et al., 1991;
Fig. 1). In the north the Erzgebirge Basin and the Mulde-
Lösshügelland (loess hills) and in the south the Eger/Ohře
Graben and the North Bohemian Basin/Mostecká pánev limit
the mountains. The transition from the foothills to the moun-
tains is around 300 m a.s.l. The Erzgebirge is divided into an
eastern, central, and western part with different characteris-
tics, especially in terms of geology, geomorphology, and cli-
mate.

The Erzgebirge is a Hercynian fault-block mountain range
with a steep and high escarpment in the southeast and a
gentle slope in the northwest, forming a half-horst (Ger-
man: Pultscholle) as a whole. As a basement unit, similar to
Schwarzwald and Harz, it was folded by the Variscan moun-
tain formation in the Carboniferous, eroded in the Permian,
and raised in the Tertiary (Sebastian, 2013; Vilímek and
Raška, 2016). In addition to the dominant metamorphic rocks
(mainly gneiss but also phyllite, clay, and mica schist), there
are plutonites (granite, rhyolite), locally also Cretaceous sed-
iments (mainly sandstone), and tertiary volcanites (basalt,
phonolite). Plateaus with deeply incised and terraced valleys
that follow the northern slope of the mountains characterise
the area. The crest region in particular has wide flat or only
flat sloping areas, which formed the topographical prerequi-
site of Holocene peatland formation. The highest summits
are the Klínovec/Keilberg (1244 m a.s.l.) and the Fichtelberg
(1215 m a.s.l.) in the central Erzgebirge (Fig. 1). The Pleis-
tocene inland ice reached the edge of the Erzgebirge from
the north in the Elsterian glaciation (ca. 500–300 ka) around
Freiberg and Chemnitz (Sebastian, 2013). A possible, very
local glaciation of the higher elevations of the mountains re-
mains uncertain (Käubler, 1969).

Periglacial debris layers (cover beds) with a high propor-
tion of loess cover almost the entire Erzgebirge and are pre-
dominantly the substrates for Holocene soil formation (Kle-
ber et al., 2013). Cambisols and Podzol–Cambisols domi-
nate, supplemented by Podzols, Stagnosols, Gleysols, Flu-
visols, and Anthrosols (Sebastian, 2013). Characteristic of
the higher elevations of the Erzgebirge are mires, which are
mainly formed as raised bogs (i.e. rain-fed mires) and swamp
mires (fens; Fig. 2g, h). They are mostly found at watershed
positions and in spring basins. In terms of the ecological
type, mesotrophic and oligotrophic acidic mires dominate.
The area of the peat deposits that existed in the Saxon Erzge-
birge up to the end of the 19th century CE is estimated to
be 60 km2 (today 42 km2; Zinke, 2002). The original mire
area for the entire Erzgebirge is estimated to be 100 km2 (Fir-
bas, 1952). All of the mires in the area were drained, and

E&G Quaternary Sci. J., 72, 127–161, 2023 https://doi.org/10.5194/egqsj-72-127-2023



K. Kaiser et al.: A review of palynological data 131

many were used for peat extraction. For about 30 years, the
mires have been the focus of restoration measures in both
Saxony and Bohemia (Sächsische Landesstiftung Natur und
Umwelt, 2007).

The Erzgebirge belongs entirely to the Elbe/Labe Catch-
ment, with the mountain crest separating the Mulde from the
Eger/Ohře sub-catchments. Zwickauer Mulde and Freiberger
Mulde are the main rivers, while Schwarzwasser, Chemnitz,
and Zschopau are the most important tributaries. Charac-
teristic of these rivers are deeply incised and steep valleys
(Bramer et al., 1991). Since the Middle Ages, the hydro-
logical system in the region has been intensively reshaped
through anthropogenic measures, following the energetic
needs of mining, metallurgy, and other purposes. The result
is a large number of ponds, weirs, ditches, aqueducts, and
water pipe tunnels (Wagenbreth and Wächtler, 1988). The
Erzgebirge has a number of larger dam lakes, most of which
were built in the 20th century CE for flood protection and
drinking water production (Landestalsperrenverwaltung des
Freistaates Sachsen, 2017).

The Erzgebirge shows a climatic differentiation between
a wetter western and a drier eastern part. The average an-
nual precipitation also declines from 1000–1200 mm in the
crest area to about 750 mm at the mountain foot (Bramer et
al., 1991). Average January and July temperatures show a
strong vertical gradient from the mountain foot to the crest at
only a short horizontal distance (Chemnitz, 420 m a.s.l.: an-
nual average 7.9 ◦C, July 16.6 ◦C, January −1.2 ◦C; Fichtel-
berg, 1215 m a.s.l.: annual average 2.9 ◦C, July 11.2 ◦C, Jan-
uary −5.1 ◦C; https://www.dwd.de/DE/Home/home_node.
html, last access: 15 April 2022). The Erzgebirge shows a
number of impressive weather extremes. These include over
the last 100 years a snow depth of 335 cm on 24 March 1944
and a wind peak of 216 km h−1 on 3 January 1976 on
the Fichtelberg (1215 m a.s.l.), a temperature minimum of
−33.5 ◦C on 1 February 1998 in Kühnhaide (723 m a.s.l.),
and an extreme rain event with 312 mm on 12–13 Au-
gust 2002 in Zinnwald (877 m a.s.l.; https://www.dwd.de/
DE/Home/home_node.html, last access: 15 April 2022).

The Erzgebirge contributes to three ecological altitude lev-
els (Ellenberg, 1996), whose original forest vegetation was
reconstructed for the High Middle Ages by Hempel (2009)
and whose potentially natural vegetation (PNV) was char-
acterised by Schmidt et al. (2002; Fig. 3). In view of
the PNV on dry, i.e. zonal locations, oak–beech forests
dominate on the submontane level (ca. 300–500 m a.s.l.),
fir–spruce–beech forests dominate on the montane level
(ca. 500–900 m a.s.l.), and first beech–spruce forests then
spruce forests with a high proportion of mountain ash/rowan
dominate in the high-montane level (ca. 900–1200 m a.s.l.;
Fig. 2a–f). Some substantial differences between original for-
est vegetation and PNV are discussed in Sect. 6.6. In the
central Erzgebirge, the tree line is at ca. 1200 m a.s.l. on the
summits of Fichtelberg and Klínovec/Keilberg (Fig. 2e, f),
which were in historical times anthropogenically deforested

Figure 2. Photographs of typical near-natural forest communities
and mires in the Erzgebirge. (a) West-exposed slope covered with
oak, beech, and yew in the nature reserve Müglitzhang bei Schlot-
twitz, eastern Erzgebirge, ca. 300 m a.s.l. (photo: K. Kaiser). (b)
West-exposed slope covered with beech, maple, fir, and spruce in
the nature reserve Weißtannenbestand Pöbeltal, eastern Erzgebirge,
ca. 570 m a.s.l. (photo: K. Kaiser). (c) East-exposed slope covered
with beech, maple, fir, and spruce in the nature reserve Hofehübel
Bärenfels, eastern Erzgebirge, ca. 660 m a.s.l. (photo: K. Kaiser).
(d) North-exposed slope covered with beech, spruce, and fir in the
nature reserve Riedert, western Erzgebirge, ca. 720 m a.s.l. (photo:
F. Jacob). (e) South-exposed slope covered with a patchy stand
of spruce and mountain ash/rowan in the nature reserve Fichtel-
berg, central Erzgebirge, ca. 1170 m a.s.l. (photo: K. Kaiser). (f):
Summit plateau of Fichtelberg covered with mountain ash/rowan,
dwarf mountain pine, and low individuals of spruce, central Erzge-
birge, ca. 1210 m a.s.l. (photo: K. Kaiser). The view is directed to-
wards the highest mountain top of Erzgebirge, the Klínovec/Keil-
berg (1244 m a.s.l.). (g) Mothäuser Heide mire, central Erzgebirge,
ca. 770 m a.s.l. (photo: Wikimedia/K. Keßler). (h) Kleiner Kranich-
see mire, western Erzgebirge, ca. 930 m a.s.l. (photo: Wikimedia/K.
Keßler).
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and later reforested (Heynert, 1964). Thus, the highest moun-
tain peaks in the region protrude just a few metres above
this assumed tree line. At particular locations such as block
heaps, wind lanes, or cold-air-collecting basins, the tree line
can very locally drop to ca. 900 m a.s.l. (Heynert, 1964).
Damp and wet, i.e. azonal, sites are characterised by differ-
ent tree species such as ash, black alder, downy birch, and
bog pine (Fig. 2g, h). These general orographic–geobotanical
features are confronted with special local deviations. Beech,
for example, locally reaches altitudes of ca. 1000 m a.s.l.,
larger (natural) spruce stands come down to ca. 700 m a.s.l.,
and very deep fir occurrences can also be found well below
300 m a.s.l. Currently, vegetation of the Saxon Erzgebirge
is predominantly open (ca. 60 % of open land), the largest
area being intensively used for agriculture and forestry, and
densely populated and industrialised, especially in the stream
and river valleys. Agriculture is characterised in the lower al-
titudes by cultivation of cereals, oilseeds, and fodder crops.
Livestock farming dominates in the upper elevations. Forest
has been preserved along steep valley flanks and partly in
the watershed areas. With respect to forest structure, planted
spruce monocultures dominate (ca. 80 %). The immediate
vicinity of Erzgebirge is characterised by climatically very
advantageous and settlement-favourable areas such as the
Saxon Elbe Valley and the North Bohemian Basin land-
scapes, both since the Middle Ages even with cultivation of
thermophilic crops such as grapes and hops.

Detailed information on the prehistoric and historic set-
tlement and land-use history of the Erzgebirge is given in
Sect. 6.4 to 6.6.

3 History of regional palynological research

Research on regional forest history using palynology be-
gan in the Erzgebirge in the 1920s with the investiga-
tion of several peatlands along the mountain crest, such
as Großer Kranichsee, Gottesgab/Boží Dar, Sebastians-
berg/Hora Svatého Šebestiána, and Georgenfeld near Zin-
nwald/Cínovec (Fig. 1, Table 1). This work was carried out
by the botanists Karl Rudolph and Franz Firbas at the Ger-
man Charles-Ferdinand University in Prague and is con-
sidered a pioneer study of palynology in central Europe
(Rudolph and Firbas, 1922, 1924; Rudolph, 1928; Firbas,
1952; Beug, 1965, 2003; Tolksdorf et al., 2018). Inspired by
this, a short time later further palynological work was carried
out in the peat bogs of the Saxon and Bohemian Erzgebirge
(Frenzel, 1930; Schmeidl, 1940).

In the 1950s to 1970s, some pollen analyses with a geob-
otanical, geological, and archaeological focus in the eastern
and western Erzgebirge and in the neighbouring Vogtland
followed (Jacob, 1956; Gross, 1958; Heynert, 1961, 1964;
Heinrich and Lange, 1969; Lange and Heinrich, 1970). On
the southern foothills of the Erzgebirge around Most/Brüx,
extensive palynological investigations have been carried out

since the 1970s in the former lake Komořanské jezero/Kom-
merner See, which has now been completely devastated by
lignite mining (see overviews in Jankovská and Pokorný,
2013; Houfková et al., 2017).

With the political changes in 1989–1990, a strong re-
vival of palynological research began on both the German
and the Czech side of the Erzgebirge, which was primarily
aimed at questions on the history of the environment, mires,
mining, and settlements. In addition to some radiocarbon-
dated pollen diagrams, such as from the raised bogs Geor-
genfeld (Stebich and Litt, 1997), Fláje/Fleyh (Jankovská et
al., 2007), Boží Dar/Gottesgab (Veron et al., 2014), and
Kovářská/Schmiedeberg (Bohdálková et al., 2018), as well
as the deserted villages Spindelbach (Houfková et al., 2019)
and Ullersdorf (Tolksdorf et al., 2020a), further diagrams
are available but without radiocarbon data (e.g. Großer et
al., 2006; Schwabenicky, 2009; Schlöffel, 2011). The Moth-
äuser Heide pollen diagram presented in detail below (Lange
et al., 2005; Theuerkauf et al., 2007; Edom et al., 2011) is
also a result of this research period. In addition, there are
20 pollen profiles that were only published in 2016 (Seifert-
Eulen, 2016), which were mainly obtained from raised bogs
between the 1960s and 2000s.

Comprehensive palynological data were finally produced
in the course of the interdisciplinary ArchaeoMontan project,
which was dedicated to research into medieval mining his-
tory in the Erzgebirge from 2012 to 2018 (Derner, 2018;
Hemker, 2018; Tolksdorf, 2018). From this project context,
there are now several pollen diagrams and a large number
of individual samples that come from alluvial sediment se-
quences and fens in stream valleys. These diagrams are ra-
diocarbon dated, mostly combined with macro-botanical and
anthracological, as well as often also with geochemical–
sedimentological data, and above all illuminate the medieval
to modern development of vegetation and land use in the cen-
tral and eastern Erzgebirge. The follow-up project Archaeo-
Forest (2019–2023) is aimed at the forest history of the last
millennium in the Erzgebirge and combines new palynolog-
ical results, anthracological data from charcoal kilns, den-
drochronological material from an archaeological context,
and historical sources (Cappenberg et al., 2020).

To sum up, the Erzgebirge can be called a “cradle” of paly-
nological vegetation history in central Europe. With currently
more than 120 pollen diagrams, this area has now been ex-
amined rather in depth with 100 years of research by means
of palynological analyses (Fig. 1, Table 1). While the early
palynological work had its starting point primarily in the
academic sphere, later project-related investigations by vari-
ous non-academic institutions prevailed. Recently, however,
there has been a revival of academic palynological interest
in the region, particularly on the Czech side (e.g. Abraham,
2014; Abraham et al., 2016; Bobek et al., 2019; Marešová,
2022). It shall be noted, however, that most of the existing
pollen diagrams cover only (short) sections of the Holocene,
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očáretal.(2018)
38a

Č
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Figure 3. Potentially natural vegetation of the Erzgebirge (Saxon part) and surroundings (Sächsisches Landesamt für Umwelt und Geologie
2006, adapted, following Schmidt et al., 2002).

usually with low sample resolution and no or only very few
independent dating control by radiocarbon ages.

4 Available data

4.1 Pollen diagrams and their metadata

At present, i.e. the end of 2022, a total of 121 pollen diagrams
from the Erzgebirge, its immediate foothills, and the Vogt-
land are available. We here include the Vogtland mountain
area, adjoining to the west, because it is difficult to separate
from the Erzgebirge in terms of nature and landscape history.
Two-thirds of the diagrams are located in Saxony (n= 80)
and one third in Bohemia (n= 41; Fig. 1, Table 1, Table S1
in the Supplement). This compilation includes all palynolog-
ical records with at least three vertically superimposed pollen
spectra. Thus, in addition to classic pollen diagrams, which
often comprise several-metre-thick (mostly peat) and in some
cases several tens of pollen spectra, very short pollen dia-
grams of a few centimetres to decimetres are also available
from the region and will be considered for this review. How-
ever, the number of the latter with 17 diagrams (14 %) is quite
small compared to the classic diagrams (n= 104, 86 %).

The taxonomic resolution of the older pollen diagrams
prepared before about 1950 is limited; i.e. mostly only tree
pollen types are included. Only younger records also include
herbal pollen. However, published versions even of many re-
cent records often include only selected arboreal and non-
arboreal taxa. Only very few records (ca. 10) have been
stored in digital repositories.

Of all diagrams, 27 % were published from 1924 to 1940;
only 20 % between the 1950s and 1980s; and 53 % after

1989–1990, many of them (35 %) between 2010 and 2020
(Fig. 4a).

The majority of the pollen diagrams, i.e. 35 %, origi-
nates from sites between 700 and 900 m a.s.l., 33 % from
300–500 m a.s.l., 18 % from 500–700 m a.s.l., and only 14 %
from above 900 m a.s.l. (Fig. 4b). The highest pollen dia-
grams (IDs 16–18) come from the slope of the Fichtelberg
at 1125–1170 m a.s.l. (Heynert, 1964), while the immediate
summit positions on this mountain and on the neighbouring
Klínovec/Keilberg have not been studied yet.

With regard to the palynologically examined depositional
environment, two types dominate: peat bogs (42 %), i.e. rain-
fed mires at various topographic positions (Slobodda, 1998;
Böhm, 2006; Wendel, 2010) and, with increasing importance
in the last decade, river and stream valleys (31 %; Fig. 4c).
The latter is mainly represented by flood loam stratigraphies.
The rest of the sites (27 %) are distributed among (palaeo-
)lakes; fens; slopes (colluvial deposits); and organic soil sur-
faces, i.e. raw humus layers.

The depth of most pollen diagrams is very small with a
value between 50 and 100 cm (24 %), followed by the depth
ranges 100–200 cm (23 %) and 200–300 cm (18 %; Fig. 4d).
The longest pollen diagram so far, at 790 cm, comes from the
peat bog Mothäuser Heide in the central Erzgebirge (Lange
et al., 2005; Theuerkauf et al., 2007; ID 1 in Fig. 1). The
largest peat thickness is reported from the raised bog Pod
novoveským vrchem near Hora Svatého Šebestiána/Sebas-
tiansberg with 10.5 m. This is also the largest known peat
thickness in the Czech Republic (https://www.kr-ustecky.cz/,
last access: 8 March 2022).

More than a third of the pollen diagrams (40 %) are young;
i.e. the base is palynologically dated to the Subatlantic bio-
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Figure 4. Metadata of pollen diagrams from the Erzgebirge. The
respective data and further information are given in Tables 1 and S1.
(a) Publication date, (b) altitude, (c) depositional environment, (d)
depth, (e) and onset of basal organic sedimentation (AL, Allerød;
YD, Younger Dryas; PB, Preboreal; BO, Boreal; AT, Atlantic; SB,
Subboreal; SA, Subatlantic).

zone (ca. 2400–0 cal yr BP; Fig. 4e). The second most fre-
quent onset of sedimentation, on the other hand, dates to the
Boreal (ca. 10 640 to 9220 cal yr BP; 24 %), followed by the
Preboreal (ca. 11 560 to 10 640 cal yr BP, 14 %) and Atlantic
(ca. 9220–5660 cal yr BP, 11 %). Remarkably, 7 % of pollen
diagrams already started in the Late Glacial, the oldest of
which date to the Allerød (ca. 13 350–12 700 cal yr BP).

Micro-charcoal analysis, which is a powerful tool to recon-
struct natural and anthropogenic fire dynamics (e.g. Bobek
et al., 2019), has only been applied in 27 pollen diagrams
(22 %), most of them of a young age with low depth (Coned-
era et al., 2009; Knapp et al., 2013).

4.2 Chronological control by radiocarbon data

Most pollen records from the Erzgebirge are poorly dated.
So far only 118 radiocarbon dates from 43 pollen diagrams
are available, with usually only one to three dates per record
(Table S1). The majority of 78 profiles (64 %) has no in-
dependent age control; i.e. dating is solely based on paly-
nostratigraphy. The latter is calibrated to supra-regional veg-
etation phenomena or, more recently, to regional historical
events (such as the extensive clearing of mountain forests
assumed for the 12th and 13th centuries CE; e.g. Hempel,
2009; Kenzler, 2012). Accordingly, the zonation suggested
by Firbas (1949, 1952), which is based on the not unproblem-

Figure 5. Temporal distribution of calibrated radiocarbon ages
from pollen diagrams from the Erzgebirge using the OxCal pro-
gramme (https://c14.arch.ox.ac.uk/oxcal.html, last access: 18 Jan-
uary 2022; Bronk Ramsey, 2017).

atic Blytt–Sernander scheme (Birks and Seppä, 2010), must
also be used for the regional Holocene biozone stratigraphy
(comprising terms such as Preboreal, for instance), which
was used anyway in the older regional literature and is there-
fore necessary for a comparison.

The radiocarbon dates are from bulk peat (41 %), plant
macro-remains (17 %), gyttja and organic detritus (15 %),
wood (14 %), and charcoal (13 %). Most of the dates were
obtained by accelerator mass spectrometry (AMS). The
ages dominantly cluster in the Subatlantic biozone, fol-
lowed by clustering in the Atlantic, Subboreal (5660 to
2400 cal yr BP), and Boreal (Fig. 5). Seven Late Glacial dates
(Younger Dryas, 12 700–11 560 cal yr BP; Allerød) are par-
ticularly noteworthy, while only one date originates from the
earliest Holocene (Preboreal).

On the Saxon side of Erzgebirge, the pollen diagrams
with both the highest number of radiocarbon dates (> n=

five each) and a multi-millennial record are those of Geor-
genfelder Hochmoor (ID 57b in Fig. 1, 867 m a.s.l., nine
radiocarbon dates; Stebich and Litt, 1997), Pfahlbergmoor
(ID 43, 1017 m a.s.l., seven dates; Seifert-Eulen, 2016), and
Mothäuser Heide (ID 1, 768 m a.s.l., six dates; Lange et al.,
2005; Theuerkauf et al., 2007). For the Bohemian side, dia-
grams are available from Boží Dar (ID 23, 1015 m a.s.l., eight
dates; Veron et al., 2014) and Komořanské jezero (ID 6d,
230 m a.s.l., six dates; Jankovská and Pokorný, 2013).

In addition, a general comment on the use of absolute
chronological terms in this paper is that we deliberately do
not use a uniform terminology here but one that is adapted to
the context and thus to the usual application. When address-
ing the dating of pollen diagrams and Holocene vegetation
phases, which is a natural–scientific data aspect, we refer to
calibrated radiocarbon dates (cal yr BP). However, when con-
textualising prehistorical or historical anthropogenic devel-
opments, calendar years (years BCE/CE or centuries CE) are
used, following common practice in the historical sciences.
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4.3 Further palaeobotanical data sources from the
region

In addition to pollen and archaeological–historical data, there
are further natural–scientific data sources from the Erzge-
birge that provide palaeobotanical information on Holocene
forest and land-use history. Some findings from peat
stratigraphy, anthracology, dendrochronology, and botanical
macro-remain analysis, briefly outlined below, are largely
data sources that have mainly been used regionally no ear-
lier than the 2010s. Accordingly, in contrast to the pollen
data and with a certain exception to subfossil wood and den-
drochronology, there are no older datasets available.

Since the beginning of palynological and peat stratigraph-
ical studies, special attention has been paid to ”tree stump
horizons” that have often been exposed or drilled in the
raised bogs of Erzgebirge (Schreiber, 1921; Rudolph and
Firbas, 1924; Frenzel, 1930; Schmeidl, 1940; Seifert-Eulen,
2016). This refers to subfossil tree remains found in situ
(mostly stumps, rarely trunks), representing mostly Pinus
mugo, Picea, and Betula. They occur at certain positions
in the mire stratigraphy, usually as a single horizon, rarely
as several superimposed horizons. In the early phase of re-
gional mire research, i.e. in the first half of the 20th century
CE, many peatlands were exposed by peat cuttings, which
enabled an excellent investigation of the local stratigraphy
and thus also the observation of these tree stump horizons
in a frontal view. The peat horizon in which the tree re-
mains were embedded was mostly heavily decomposed. By
contrast, the peat below and above this horizon was much
less decomposed. The palynostratigraphical dating of the
tree stump horizons yielded different ages from the early
Holocene to the late Holocene with a certain accumulation
at the turn from Subboreal to Subatlantic (Frenzel, 1930).
Already Rudolph and Firbas (1924) paralleled this striking
change (i.e. hiatus) in the peat stratigraphy with the so-called
Grenzhorizont (“border horizon”) or, more recently, with
the Rekurrenzfläche (“recurrence surface”) or Schwarztorf–
Weißtorf-Kontakt (“black peat–white peat contact”), repre-
senting a widespread peat marker horizon in northwestern
Germany and beyond (Weber, 1926; Behre, 2008). Such hori-
zons, indicating a temporary cessation of peat formation and
afforestation, have also been detected in raised bogs in other
low mountain ranges in central Europe, for instance in the
Harz, Rhön, and Fichtelgebirge (Overbeck and Griéz, 1954;
Firbas et al., 1958; Willutzki, 1962; Beug et al., 1999). Most
of these were dated to the late Holocene and partially paral-
leled with the peatland stratigraphy in northwestern Germany
and the Netherlands. In fact, the dates available from the
northwestern German plain show a maximum age range from
2300 BCE to 700 CE with a data cluster between 800 BCE
and 100 CE (Behre, 2008). This sequence of more and less
decomposed peat layers is currently interpreted as mostly
locally caused phases of weaker and stronger peat growth,
respectively (Lang, 1994). Furthermore, in the peatlands of

this lowland region there are numerous tree stump horizons
under and in peat sequences that date back to the mid- and
late Holocene (Achterberg et al., 2016). With regard to the
state of knowledge in the Erzgebirge, it should be noted that
neither dendrological and dendrochronological nor radiomet-
ric investigations have been carried out on these tree stump
horizons. Botanical macro-remain, charcoal, and pedological
data are also missing. As a result, their dating and genesis
cannot be presented in detail at present, and a systematic ref-
erence to regional peatland development or even to the supra-
regional climate development cannot be established thus far.

Recently, a so-called “forest-clearing horizon” with the
preservation of subfossil wood as well as charcoal and
wooden chips was discovered during a geoarchaeological
re-evaluation of the abandoned medieval settlement site of
Warnsdorf in the Tharandt Forest (ca. 360 m a.s.l., ID 91;
Kaiser et al., 2020a; Fig. 1). A larger in situ root of Pi-
nus, dating 997–1155 CE, was embedded in a peat layer
covered by anthropogenic sediments. Additional pollen and
plant macro-remain data from the peat together with the sub-
fossil wood and sedimentological data allow for insights into
the local vegetation and land-use history of this site during
the High Medieval Period. Although the Pinus root exposed
no clear-cutting marks, wooden chips from Abies in the same
horizon indicate intentional tree cutting (Spehr, 2002). In
general, Pinus, Abies, Picea, and Betula were documented
as subfossil wood. In addition, Fagus, Quercus, and Cory-
lus were detected in the local pollen record. Similar forest-
clearing horizons could also be studied in the Harz and in the
Bohemian–Moravian Highlands. This generally constitutes
a new and promising geoarchaeological–palaeopedological
feature for central Europe, documenting the medieval clear-
ing of mountain forests by human exploitation (Kaiser et
al., 2020a).

In the Erzgebirge, as in all other low mountain ranges and
in the lowlands of central Europe (e.g. Ludemann, 2010;
Schmidt et al., 2016; Rutkiewicz et al., 2019; Kaiser et al.,
2020b; Raab et al., 2022), there are countless remains of his-
torical charcoal production. Remains of so-called charcoal
kilns or charcoal hearths are detectable as circular and thin
accumulations of charcoal several metres in diameter. Small
plateaus were usually dug into slopes for this purpose. Ini-
tial remote sensing investigations using lidar data showed
spatial densities of 40–81 charcoal kilns per square kilome-
tre for three test areas in the central Erzgebirge, which are
comparable with data from other German mountains such
as the Harz, Schwarzwald, and Kellerwald (Tolksdorf et al.,
2020a). Since the 2010s, systematic anthracological inves-
tigations have been carried out in these charcoal kilns on
both the Saxon and the Bohemian sides of the Erzgebirge.
These include botanical determinations of the tree remains
and their dating by radiocarbon analysis and dendrochronol-
ogy (Tolksdorf et al., 2015; Kočár et al., 2018; Tolksdorf,
2018; Tolksdorf et al., 2020a; Neubauer, 2022). The ages
range from the end of the 12th to the 18th centuries CE. Tim-
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ber species determinations show a clear shift in taxa (from
Fagus and Abies to Picea and pioneer deciduous tree species)
and a reduction in timber diameters over this period (Tolks-
dorf et al., 2021).

Dendrochronological dating has been used regularly in
the Erzgebirge for several decades, mostly in the context of
studies on building history, archaeology, forest ecology, and
dendro-geomorphology (e.g. Spitzer, 2010; Hoffmann and
Heußner, 2013; Tolksdorf and Schröder, 2016; Vejpustková
et al., 2017; Vilímek et al., 2018). In particular, the ubiqui-
tous use of construction wood since the Middle Ages for ore
mines, ore processing facilities, and water management facil-
ities has subfossilised huge amounts of wood in the region.
After their discovery, there is enormous potential here for
palaeoecological investigations, which has already been used
to some extent. For instance, from the archaeologically inves-
tigated medieval mines of Dippoldiswalde (375 m a.s.l.) and
Niederpöbel (500 m a.s.l.) in the eastern Erzgebirge, around
3400 botanically determined timbers are available to date
(Cappenberg et al., 2020). Most common taxa are Abies (n=
2103, 62 %), Picea (n= 444, 13 %), and Fagus (n= 333,
10 %), with a minor share also Acer, Pinus, Quercus, and Ul-
mus that occur (together n= 520, 15 %). Of these, the den-
drochronological dates (n= 1112) show a total age interval
from the 12th to the 13th century CE, cumulating in the mid-
dle of the latter. In addition to similarities, i.e. the usage pref-
erence of Abies at the beginning of local mining, differences
at both locations are visible, i.e. a different role and dating of
Picea and deciduous tree species.

A rather new data source for the Erzgebirge is macro-
remain analysis, which has increasingly become available in
the last decade, resulting from (geo-)archaeological investi-
gations (e.g. Kočár et al., 2018; Tolksdorf, 2018; Kaiser et
al., 2021; Herbig, 2022). The preferably determined herb and
shrub species supplement the knowledge on late Holocene
vegetation structure in various ecological details. This ap-
plies above all in view of the local human impact, e.g. on
the deforestation and establishment of a replacement vegeta-
tion. In addition, there is sometimes remarkable evidence on
the regional use of plants, e.g. as food. In the course of lo-
cal archaeological studies, remains of figs (Ficus carica) and
grapes (Vitis vinifera) were found in Kovářská/Schmiedeberg
in Bohemia (810 m a.s.l.; Kočár et al., 2018) and remains
of figs, rice (Oryza sativa), and pepper (Piper nigrum) in
Freiberg in Saxony (400 m a.s.l.; Schubert and Herbig, 2017).
This late medieval to early modern evidence proves both that
local elites were supplied with quite luxurious goods and that
there were long-distance trade connections, sometimes as far
as the Mediterranean region and beyond.

5 Outline of the Holocene vegetation history using
pollen data

5.1 Methodological aspects

Pollen data cannot be interpreted directly in terms of past
plant abundances because single taxa produce pollen in
very different amounts, and different pollen types may
be dispersed differently. As a result, taxa may be over-
/underrepresented in the pollen record. Methods to account
for that bias have become available over the past decades,
e.g. REVEALS (Sugita, 2007a) and ROPES (Theuerkauf and
Couwenberg, 2018) for pollen records from larger lakes and
LOVE (Sugita, 2007b) and MARCO POLO (Mrotzek et al.,
2017) for pollen records from small forest hollows. Hitherto,
such methods have not been applied for the interpretation of
pollen records from the Erzgebirge. Moreover, most of the
methods require pollen productivity estimates (PPEs), which
have not been available from this area to date.

All these methods are suited for the interpretation of a
single pollen record. To interpret the larger number of pollen
records from the Erzgebirge, we here apply the extended
downscaling approach (EDA; Theuerkauf and Couwenberg,
2017; Abraham et al., 2023). This approach explores whether
the distribution of plant taxa in the past has been determined
by abiotic landscape patterns, e.g. the underlying soils,
including site water and relief conditions. The EDA is a
forward-modelling approach that determines the most likely
vegetation composition with a given landscape pattern, e.g.
represented by the soil pattern. We apply the EDA for four
distinct pollen stratigraphic phases of the Holocene, which
are also well distinguishable in the early pollen records
(see Sect. 5.3): the Corylus phase, the Picea phase, the
Fagus–Picea phase, and finally the Abies–Fagus–Picea
phase. For each phase, we include raw pollen counts from 12
and 15 pollen records from higher altitudes, i.e. in between
ca. 400 and 1000 m a.s.l. (Table S2). EDA was not applied to
the Late Glacial and very early Holocene periods because in
the Erzgebirge the number of records from these particular
periods is too low and dating too uncertain. As most of the
early records from the 1920s to 1960s do not include herbal
pollen, EDA analysis only includes the tree taxa. PPEs are
derived by applying ROPES with a pollen record from Lake
Černé jezero in the Šumava Mountains (Carter et al., 2018).
As a landscape pattern for Erzgebirge we use the soil pattern
from the Soil Map of Germany on the scale 1 : 200 000
for the Saxonian part (https://www.boden.sachsen.de/, last
access: 7 January 2022) and the European Soil Database for
the Bohemian part (https://esdac.jrc.ec.europa.eu/content/
european-soil-database-v20-vector-and-attribute-data, last
access: 7 January 2022). For comparison of pollen diagrams,
we, whenever raw counts were available, recalculated pollen
percentage values based on an upland pollen sum (excluding
pollen types attributable to taxa growing on peatlands, such
as grass type or Calluna).
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Figure 6. Cross-section through the Mothäuser Heide mire, central
Erzgebirge (from Edom, et al., 2011, adapted).

5.2 Overview

The, so far, the best overview of the Holocene vegetation
history of the higher altitudes of the Erzgebirge is provided
by the pollen diagram Mothäuser Heide (ID 1, 768 m a.s.l.),
which is also one of the best dated, long pollen records
from the region (Lange et al., 2005; Theuerkauf et al., 2007;
Edom et al., 2011; Figs. 1, 6, 7). For the early and mid-
Holocene, the very early analysed, high-resolution pollen di-
agram Sebastiansberg (ID 29c, 842 m a.s.l.; Schmeidl, 1940;
Fig. 1) is also useful, although limited to tree pollen. For
the early Holocene, the pollen diagram Pfahlbergmoor (ID
43, 1017 m a.s.l.; Seifert-Eulen, 2016; Fig. 1) also provides a
record of herb pollen.

The latter diagram shows that, like in the northern low-
lands, Pinus and Betula were the first tree taxa present in
the early Holocene (Firbas, 1952). Corylus was the first
thermophilic, deciduous taxon that expanded in the early
Holocene, soon followed by Ulmus, Quercus, Tilia, and fi-
nally Alnus. As radiocarbon dates from this early period are
not available, it yet remains unknown whether the expan-
sion of thermophilic taxa started at ca. 10 500 cal yr BP, as
in the northern lowlands (Giesecke et al., 2011), or with
some delay. This Corylus-dominated forest phase (see below
for details) lasted for about 500–1000 years. The available
pollen data are insufficient to evaluate whether the forests of
that period were fully closed or if open spots remained. The
Pfahlbergmoor diagram shows still clearly elevated pollen
percentages of grass pollen during that period, which may
indicate some degree of forest openness. However, the grass
pollen may also originate from local wetland vegetation.

Forest composition in the Erzgebirge then changed at
ca. 9000 cal yr BP due to the expansion of Picea (see Picea
phase below), at ca. 6000 cal yr BP due to the expansion
of Fagus (see Fagus–Picea phase below), and finally at
ca. 4200 cal yr BP due to the expansion of Abies (see Abies–
Fagus–Picea phase below; Fig. 7).

Despite the widespread historic evidence of forest clear-
ance also at higher altitudes of the Erzgebirge for the last
millennium (e.g. Kenzler, 2012; Tolksdorf, 2018), some long
pollen records from larger peatlands in the high altitudes
show no clear signal of increased forest openness. In the

Mothäuser Heide diagram, for instance, pollen percentages
of open indicators such as Poaceae, Artemisia, or Plantago
lanceolata remain low. One possible explanation is that the
youngest peat layers are missing due to earlier drainage of
the peatland (see Sect. 6.4). Nonetheless, Secale pollen is
continuously present in low percentages (0.5 %–1 %) in the
top 1.5 m of the record comprising the last ca. 2000 years
(Fig. 7). Whether these pollen finds indicate that local cereal
cultivation in the mountains already started 2000 years ago
or rather originated from distant transport from the adjacent
southern lowlands, being only ca. 20 km away, remains un-
clear.

In general, the clearing and occupation period from around
the late 12th to the 15th–16th centuries CE saw a drastic
decrease in Fagus and Abies; an increase in non-arboreal
pollen; and an increase in Picea, Pinus, and other pioneer
tree species (Fig. 7). In the last ca. 300–400 years, many dia-
grams reflect very open landscape conditions, with a renewed
forest increase in the last ca. 150 years.

A conceivable establishment of a summary pollen diagram
and anthropogenic impact phases for the Erzgebirge, as pub-
lished in the synthesis of many diagrams, for example, for
the Šumava Mountains, Czech Republic, or the Auvergne
Mountains (Miras et al., 2018; Kozáková et al., 2022) and
the Morvan Mountains, both in France (Jouffroy-Bapicot et
al., 2013), respectively, has failed so far due to the lack of
digitally available palynological raw data (pollen counts) and
well radiometrically dated diagrams.

5.3 Main Holocene vegetation phases of Erzgebirge

5.3.1 Vegetation phases

Betula–Pinus phase, ca. 11 600–10 200 cal yr BP

The pattern and timing of vegetation succession after the
onset of the Holocene remain yet unclear because the first
millennium of the Holocene is represented in very few, no,
or poorly dated diagram sections only. The existing pollen
records have been interpreted as the onset of the Holocene
triggered immediate forest expansion in the Erzgebirge, start-
ing with a short Betula-dominated phase and followed by
a short Pinus-dominated phase. A basal radiocarbon date
from the pollen diagram Pfahlbergmoor (ID 43, 1017 m a.s.l.;
Seifert-Eulen, 2016; Fig. 1) may instead suggest that early
Holocene forest expansion was delayed by at least several
centuries. Moreover, pollen of open vegetation indicators,
such as Juniperus and Artemisia, is still well present dur-
ing the Betula- and Pinus-rich sub-phases. Hence, patches of
open vegetation likely also existed during these sub-phases.
Besides Betula and Pinus, further tree taxa that are poorly
represented in the pollen records, such as Populus or Sorbus,
may also have played some role.
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Figure 7. Typical pollen diagram from a mire in the montane ecological zone of the central part of the Erzgebirge: Mothäuser Heide (ID 1),
768 m a.s.l. (selected taxa; Lange et al., 2005; Theuerkauf et al., 2007, adapted). The units of the diagram axes below are percentages, except
for the pollen sum, which shows counts. Pollen percentages have been calculated based on an upland pollen sum, including trees and shrubs
(brown) and upland herbs (orange). The Firbas zones refer to Firbas (1949). Abbreviations for the vegetation phases of the Erzgebirge: C,
Corylus phase; P, Picea phase; FP, Fagus–Picea phase; AFP, Abies–Fagus–Picea phase; AV, anthropogenic vegetation).

Corylus phase, ca. 10 200–9000 cal yr BP

In this phase, forests of the Erzgebirge were dominated by
deciduous tree taxa. Altitudinal trends are not recognisable
for this period (Fig. 8).

Picea phase, ca. 9000–6000 cal yr BP

Forest composition then changed around 9000 cal yr BP due
to the expansion of Picea in the Erzgebirge. Still, the forests
of the following Picea phase were dominated by deciduous
tree taxa, i.e. mostly Tilia, Ulmus, Quercus, Corylus, and
Fraxinus. The altitudinal gradient suggests that Picea was
increasingly abundant in higher altitudes, while Corylus and
Quercus were less abundant (Fig. 8).

Fagus–Picea phase, ca. 6000–4500 cal yr BP

At around 6000 cal yr BP, Fagus expanded in the Erzgebirge,
while Ulmus and Tilia and later Quercus sharply declined.
The decline in Ulmus likely corresponds to the mid-Holocene
elm decline well known from sites across central and north-
western Europe (Giesecke et al., 2017). The altitudinal gra-
dients show that Picea was present in the highest altitudes of
the mountains, whereas Fagus and other deciduous taxa were
the most abundant in the lower and mid-altitudes (Fig. 8).

Abies–Fagus–Picea phase, ca. 4500–1000 cal yr BP

At around 4500 cal yr BP, forest composition again changed
due to the expansion of Abies. Until about 1000 cal yr BP,
Abies and Fagus became the dominating tree taxa in the

Erzgebirge. Picea existed more frequently than before and
was mainly limited to the highest altitudes (Fig. 8).

Anthropogenic vegetation, ca. 1000–0 cal yr BP

The past millennium is generally poorly represented in pollen
records from the large Erzgebirge peatlands. Older pollen
records mostly lack herbal pollen and hence are unsuited
for exploring the role of anthropogenic vegetation. Younger
records suffer from the decomposition of upper peat lay-
ers due to modern drainage. Hence, the past millennium is
generally represented with a few samples in longer peat se-
quences only. Only the pollen diagram Kleiner Kranichsee
shows a somewhat higher resolution (ID 44a, 927 m a.s.l.;
Seifert-Eulen, 2016; Fig. 1). Moreover, due to the lack of
radiocarbon dates, dating mostly relies on biostratigraphy.
The widespread prominent increase in synanthropic pollen
types, i.e. Cerealia, Secale, Plantago lanceolata, and Rumex
acetosella, is attributed to the high medieval colonisation of
that area in the late 12th to 13th centuries CE (e.g. Großer
et al., 2006). Even in the highest altitudes of the Erzge-
birge does the sum of synanthropic indicators arrive at about
10 % and the sum of all terrestrial open indicators (includ-
ing grasses) at 30 %–50 %, indicating largely open conditions
and widespread agricultural activity. At lower altitudes the
sum of synanthropic pollen types arrives at about 20 %, in-
dicating even more open vegetation and stronger agricultural
activity.

While the increase in synanthropic pollen types indicates
a decline in forest cover, changes in tree pollen composition
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Figure 8. Pollen percentages of selected tree taxa versus altitude for four Holocene vegetation phases in the Erzgebirge.

indicate additional changes in forest composition. Clearly
lower pollen percentages in Fagus and Abies and higher per-
centages in Pinus and Picea indicate a shift in overall forest
composition towards Pinus and Picea. Whether, with overall
declining forests, Pinus and Picea indeed expanded cannot
be estimated with the data available. The increasing values
of Pinus could possibly also partly be attributed to Pinus
mugo on the peatlands in higher altitudes and widespread
Pinus sylvestris plantation in lower altitudes since the late
18th century CE. The observation that Abies and Fagus, but
not Picea, declined due to more intense land use possibly
reflects that Abies and Fagus formerly occupied sites more

suitable for land-use activities, i.e. better drained and climat-
ically favourable sites.

5.3.2 EDA analysis

For the early Holocene Corylus phase, EDA analysis sug-
gests that the forests on the widespread loamy soils were
dominated by Corylus, Tilia, and Ulmus, whereas on the
sandy soils Corylus, Tilia, and Betula were most abundant
(Fig. 9). For the areas with debris-rich soils, a higher cover
of Fraxinus is indicated. Pinus as the only coniferous taxon

E&G Quaternary Sci. J., 72, 127–161, 2023 https://doi.org/10.5194/egqsj-72-127-2023



K. Kaiser et al.: A review of palynological data 143

of that phase was probably mostly rare, covering only about
10 % of the main substrate types.

For the following Picea phase, EDA analysis indicates
small differences in forest composition between sandy and
loamy soils, with Tilia being somewhat more abundant on
loamy soils (ca. 35 %) than on sandy soils (ca. 20 %; Fig. 9).
Coniferous trees, mostly Picea, probably covered about one-
third of the mountains. Pinus was also present, except on
loamy soils.

For the Fagus–Picea phase, EDA analysis suggests that
Fagus became the dominant tree taxon on sandy soils, possi-
bly covering ca. 75 % of those areas (Fig. 9). Other decid-
uous tree taxa largely disappeared from these sites. Picea
and Pinus played only a minor role. For loamy soils, a co-
dominance of Fagus and Picea is indicated; other tree taxa
were rare. EDA analysis indicates dominance of Picea, Quer-
cus, Corylus, and Tilia on debris-rich soils; Fagus was likely
rare here. For the rare sites with thicker loess substrate, first
stands of Abies are also indicated.

For the Abies–Fagus–Picea phase, EDA analysis indicates
co-dominance of Fagus and Abies on sandy and loamy soils,
with a somewhat higher cover of Fagus on sandy soils and
a somewhat higher cover of Abies on loamy soils (Fig. 9).
Other deciduous taxa and Picea likely remained limited to
other sites, i.e. debris-rich soils.

5.3.3 Local vegetation differentiation and conceptual
summary

For the area around the Mothäuser Heide pollen diagram (ID
1; Fig. 1), the spatial distribution of the vegetation can be
reconstructed with the help of the EDA analysis for four veg-
etation phases. The diagram itself is at 768 m a.s.l., while
the surrounding area has an altitude range of ca. 620 to
800 m a.s.l. This area is characterised by a rather flat relief,
loamy soil substrates at dry to wet sites, and peat at very
wet sites. The current local climate parameters (1980–2010
period) show an annual average temperature of 4.9 ◦C and
an annual precipitation of 937 mm (weather station Kühn-
haide, 723 m a.s.l.; https://wetter-kühnhaide.de/, last access:
15 April 2022). The distribution of past vegetation is shown
schematically (Fig. 10). Only those species for which clear
connections with the respective site types were observed are
shown. Occurrence of other species in small proportions (e.g.
Acer) are likely. In general, there were clear changes in the
vegetation over time on all site types, with the exception of
the stream sites, which were initially dominated by Corylus
and later by Alnus (Theuerkauf et al., 2007).

The outlines of the Holocene vegetation history described
in the section above are presented as a conceptual pictorial
model for a general, i.e. “normal zonal”, site in the mon-
tane ecological zone in Fig. 11. All previous concepts for the
phase structure of the Holocene vegetation history, including
the new suggestion here, are listed in Table 2.

6 Discussion

6.1 General considerations

Despite a sometimes-high density of pollen diagrams in
the landscapes of central Europe, regionally oriented di-
agram compilations and syntheses on the Holocene veg-
etation history are rare. A remarkably early example re-
lates to Bohemia, where 130 pollen diagrams were com-
piled and evaluated already in the 1920s (Rudolph, 1928).
More recent examples from central Europe include the Is-
land of Rügen/Baltic Sea (n= 40; Lange et al., 1986), the
Berlin area (n= 73; Behre et al., 1996), the eastern Alps
and their forelands (n= 301; Wahlmüller, 1993), Hrubý Je-
seník (n= 16; Dudová et al., 2018), Harz (n= 37; Beug et
al., 1999), Schwarzwald (n= 101; Lang, 2005), Bayerischer
Wald (n= 22; Stojakowits and Friedmann, 2019), the North-
ern Calcareous Alps of Germany and Austria (n= 32; Fried-
mann et al., 2022), Šumava (n= 30; Kozáková et al., 2022),
and the entire territory of Bohemia and Moravia (n= 40;
Bobek et al., 2019). Although some data in online reposi-
tories are available (e.g. https://epdweblog.org/, last access:
3 June 2022; https://www.pangaea.de/, last access: 3 June
2022; https://botany.natur.cuni.cz/palycz/, last access: 3 June
2022), these databases are usually incomplete for the regions
and do not provide any synthetic analyses on the regional
vegetation history “at the push of a button”, so to speak.
For the analysis of a specific region, the only option that
remains is to compile the palynological data, including the
accompanying radiocarbon data, as completely as possible
and, if available, to open up further data sources such as
macro-remain analyses, dendrochronological and anthraco-
logical analyses, or historical data on vegetation and land-use
dynamics.

For the Erzgebirge so far 121 pollen diagrams have been
produced. This is somewhat surprising at first, since even
scholars familiar with the regional data material noted in the
2000s and 2010s that the regional palynological database,
particularly new pollen diagrams, would be rather small (e.g.
Lange et al., 2005; Sadovnik et al., 2013). This “astonishing
growth” since then is certainly due to the fact that in this
paper not only classical pollen diagrams were sought and
found, but also pollen diagrams from a broad disciplinary
perspective, including palynology, geology, geomorphology,
archaeology, and peatland studies; this compilation was done
often providing “unconventional” palynological data. Look-
ing at the point in time when the diagrams were created, it be-
comes clear that despite an undoubted revival of regional pa-
lynology after 1989–1990 (53 % of the diagrams), there was
already a broad base of older pollen diagrams before (47 %
of the diagrams). However, it must be emphasised that many
of the 121 diagrams are of little use for a well-elaborated
vegetation history because (1) most of them were not inde-
pendently dated by radiocarbon ages and can hardly be dated
by pollen stratigraphy; (2) many published diagrams are of
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Figure 9. Results of the extended downscaling approach (EDA) analysis, showing the forest composition for typical soil sites for four
Holocene vegetation phases in the Erzgebirge. The numbers behind the soil types above show their share in the region. Using the example
of Abies during the Abies–Fagus–Picea phase, ca. 4500–1000 cal yr BP, it becomes clear what a strong influence the soil type has on the
modelled forest composition. Abies dominates the loamy soils with 70 % and shows a much lower share with 45 % and 42 % at the sites with
loess and sandy soils, respectively. Abies has a very low share of 5 % in peat soils and does not occur on debris-rich soils.

poor quality and incomplete, and the pollen counts are not
available digitally; and (3) many diagrams are strongly influ-
enced by local or aquatic pollen input.

The following Discussion section is largely based on the
questions that we formulated in the introductory section.
All in all, of course, this review is to be understood as an
overview of the all material available on the Holocene vege-
tation history from a palynological perspective. Further ques-
tions on details of the regional forest history such as a fine
differentiation of the local vegetation according to altitude,
soil, water balance, and exposure; the possible reflection of
natural disturbance events (e.g. storms, fires, biotic calami-
ties); or the analysis of the long-term diversity of plant taxa
in the regional mountain forests are, thus, reserved for fu-
ture studies. These studies should then be done in conjunc-
tion with newly created, taxonomically as well as chronolog-
ically high-resolution pollen diagrams, including age control
by radiocarbon dating.

Nevertheless, as can be seen from the larger text volume
of Sect. 6.5 and 6.6, we would like to place a certain em-
phasis on the conditions in the Middle Ages and in the Early
Modern Period. This can be explained by the reason for this
review, i.e. by corresponding projects with a focus on this
time. The natural forests of the medieval past could serve as

a useful model for the necessary ecological forest conversion
of the future (Piovesan et al., 2018; Morel and Nogué, 2019;
Słowiński et al., 2019).

6.2 Critical reflection of the EDA results

We in this study for the first time applied EDA analysis in a
larger mid-mountain range. Smaller mountain regions have
already been investigated using EDA in the North Bohemian
sandstone areas (Abraham et al., 2023). The primary goal
was to explore major vegetation patterns in relation to soil
conditions. Such patterns are indeed apparent, e.g. the higher
cover of Fagus on sandy soils and the higher cover of first
Picea and later Abies on loamy soils during the Fagus–Picea
and the Abies–Fagus–Picea phase. However, in particular re-
sults for rarer taxa should not be over-interpreted because of
limitations of the data available. We for each phase could
include only 12–15 pollen records, whereas a number of
20 or more is suggested for robust results (Theuerkauf and
Couwenberg, 2017). Moreover, most pollen records are char-
acterised by low sample resolution and low pollen counts,
which implies high error margins, particularly for rarer taxa
and the rare soil types. Due to the often-lacking herbal pollen,
we had to limit EDA analysis to tree taxa. This limitation is
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Figure 10. Palaeovegetation maps of the Mothäuser Heide mire for
four Holocene vegetation phases based on the extended downscal-
ing approach (EDA) analysis. The mixed deciduous forest in the
10 200–9000 cal yr BP phase was dominated by Corylus, Tilia, and
Ulmus, while on the same sites in the 9000–6000 cal yr BP phase
Tilia, Ulmus, Quercus, Corylus, and Fraxinus dominated, supple-
mented by Picea. Below is a soil map in the same section as the
palaeovegetation maps above (Soil Map of Germany 1 : 200 000;
BGR, modified).

the most relevant for the Corylus phase, when the vegeta-
tion of the Erzgebirge may still have been partly open. Dur-
ing the three later periods, patches of open vegetation were
likely rare.

Previous syntheses on the Holocene vegetation history
in the Erzgebirge (e.g. Rudolph and Firbas, 1924; Fir-
bas, 1952; Hempel, 2009; Seifert-Eulen, 2016) have only
marginally dealt with the potential dependence of palaeoveg-
etation on soil patterns. Their focus was mostly on the larger-
scale vegetation reconstruction as a function of altitude. An
exception is the palynological research of Jacob (1956),
who has already demonstrated a clear dependence of the
palaeovegetation on the site pattern through a large num-

ber of pollen diagrams for the low-lying Tharandt Forest (ca.
190–460 m a.s.l.).

One key problem in all quantitative approaches, includ-
ing EDA, for the interpretation of pollen records is the selec-
tion of a suitable pollen dispersal model. In the absence of
other options, we have used a Lagrangian stochastic model
adjusted for a lowland setting. Even though the northern part
of the Erzgebirge is rather flat, this dispersal model is not
ideal for the given mountain setting. Finally, our analysis has
been limited to soil patterns, yet other environmental param-
eters are certainly relevant in the mountain region as well,
namely the (micro-)relief. Including these parameters will be
a worthwhile next step for palynological research, at least
when more pollen data from the region become available.

6.3 Drivers of natural forest dynamics

The early Holocene forest expansion, including first the cold-
adapted tree taxa Betula and Pinus and later the warm-
adapted tree taxa Corylus, Ulmus, Quercus, Tilia, and Al-
nus, has been climatically triggered by the warming of the
Holocene. As precise dating of early Holocene pollen records
in the Erzgebirge is still lacking, it remains open whether the
tree taxa expanded later than in the surrounding lowlands,
i.e. whether the higher altitude caused some delay in warm-
ing.

Drivers of the later major changes in forest compo-
sition, i.e. formed by Picea (ca. 9000 cal yr BP), Fagus
(ca. 6000 cal yr BP), and Abies (ca. 4500 cal yr BP), are less
clear. All three events match the overall Holocene spread
of these taxa across central Europe (Giesecke and Brewer,
2018), suggesting that differential expansion in the Erzge-
birge is due to the more or less rapid Holocene expansion
of these taxa and is not related to specific climatic events.
This hypothesis might be tested by comparison of the ex-
act timing of expansion in the western, central, and eastern
Erzgebirge, thus comprising a distinct spatial gradient. Fa-
gus, for example, expanded much earlier in the central Euro-
pean Šumava Mountains to the southwest (Kozáková et al.,
2022) than in the Hrubý Jeseník Mountains to the east (Du-
dová et al., 2018), reflecting an eastward migration of this
taxon. Hence, for the Erzgebirge one would expect that Fa-
gus accordingly expanded from west to east. However, sam-
ple resolution and dating of the available pollen records are
insufficient to prove such a trend at the moment.

Moreover, in the Mothäuser Heide (ID 1) record, the ex-
pansion of Fagus at ca. 5900–5800 cal yr BP appears syn-
chronous to the decline of Ulmus and Tilia, which may point
to four different explanations. First, under the assumption
that the Ulmus decline in the Erzgebirge is analogous to
the well-known Ulmus decline period in the lowlands of
northwestern Europe (ca. 6350–5280 cal yr BP; Parker et al.,
2002), i.e. has also been caused by a pathogen, the expansion
of Fagus may have been triggered by the demise of Ulmus.
Secondly, the synchronous Ulmus decline and Fagus expan-
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Figure 11. Conceptual model of the late Pleistocene and Holocene forest vegetation development in the montane ecological zone of the
Erzgebirge using a pictorial timeline. The trees shown symbolise the eponymous vegetation phases and do not reflect the complete mixing
ratios of the tree taxa that were actually present (abbreviations for woody taxa: Jun., Juniperus communis; Bet., Betula spec.; Pin., Pinus
sylvestris; Cor., Corylus avellana; Que., Quercus spec.; Pic., Picea abies; Fag., Fagus sylvestris; Abi., Abies alba).

sion are purely incidental. Thirdly, the decline of Ulmus (and
Tilia) in the Erzgebirge has not been caused by a pathogen
attack but by the expansion of Fagus, thus by species compe-
tition. Finally, the decline of Ulmus and the expansion of Fa-
gus may have been triggered by the same event, such as cli-
mate fluctuation. Again, the available pollen records are in-
sufficient to prove these above-mentioned hypotheses. There-
fore, other possible natural disturbance factors that could also
have had a strong impact on the regional forest vegetation in
the past, such as insect outbreak, drought, storm, or fire (e.g.
Kulakowski et al., 2017; Bobek et al., 2019; Schafstall et al.,
2022), have not yet been evaluated for the study area.

Altitudinal analysis of the pollen records suggests that al-
titude had only limited effects on forest composition above
300–400 m a.s.l., except that during all times pollen pro-
portions of Picea were the highest in the altitudes above
ca. 1000 m a.s.l. (Fig. 8). Picea was likely always most abun-
dant along the highest altitudes.

6.4 Prehistoric human impact

So far, there are only a few indications of an already pre-
medieval anthropogenic influence on the mountain forests
from the pollen diagrams available in the Erzgebirge. Some
diagrams (e.g. Mothäuser Heide, ID 1) show the presence
or even continuous curves of potential pasture and meadow
indicators such as Artemisia, Rumex, and Plantago from
around 2000 cal BCE at the earliest. Even cereal pollen oc-
curs sporadically already before the High Medieval, i.e. be-
fore ca. 1150 CE. However, there are usually no previous or
synchronous drastic declines in tree taxa or tree species shifts
that would indicate corresponding forest clearings. More-
over, the low percentages of the synanthropic taxa (Moth-
äuser Heide, ID 1: 1.4 % maximum for the period 3000–

1000 cal yr BP) do not rule out long-distance input from the
surrounding low-lying areas, some of which, particularly in
the Elbe/Labe River valley to the east, in the Lösshügelland
to the north and in the Ohře Graben and the North Bohemian
Basin to the south, have been intensively populated from
the Neolithic onwards (Blažek et al., 1995; Christl and Si-
mon, 1995; Kenzler, 2012). In general, there are no in-depth
studies on recent pollen precipitation for the Erzgebirge that
would allow for an assessment of the possible far-distance
pollen transport even in (pre-)historic times. In particular,
peat profiles at crest sites close to the steep southern slope
of the mountain range have a potentially increased exposure
to supra-regional pollen input. Corresponding studies in the
Schwarzwald in SW Germany urge caution in the interpre-
tation of those taxa, which occur in low percentages (Hölzer
and Hölzer, 2014).

An interesting coincidence of synanthropic taxa (reflecting
land use), heavy metal deposition (mining and metallurgy),
and charcoal (fire) is shown in the pollen and geochemical
data from the Kovářská bog at 870 m a.s.l. in the central Bo-
hemian Erzgebirge (Bohdálková et al., 2018). Already from
ca. 950 cal BCE has there been evidence of taxa that indicate
grain cultivation, grazing/meadow management, and clearing
of forests. Although these findings suggest local human ac-
tivities in the mountains themselves during the Bronze Age,
early Iron Age, and Roman Age, the corresponding archae-
ological findings from the immediate vicinity of the pollen
diagram (up to ca. 5–10 km distance) are still missing.

This leads to the general question on the evidence of pre-
historic anthropogenic activities in the study area, indicated
by archaeological finds and place names. In the lower east-
ern Saxon Erzgebirge southeast of Freiberg, at an altitude
of ca. 300 m a.s.l., both late Neolithic and Iron Age artefacts
have been found (Kreienbrink et al., 2020). However, indi-
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vidual prehistoric finds, such as stone axes or metal objects,
have been found at various locations throughout the moun-
tains, including the crest area (Christl and Simon, 1995). In
the neighbouring Vogtland area, however, up to at least about
400 m a.s.l. a larger number of Bronze Age sites, includ-
ing evidence of synchronous metallurgy (Tolksdorf et al.,
2019), exist. At the Erzgebirge historic Slavic place names
usually occur below 300 m a.s.l. Only very occasionally is
there evidence of place names at higher altitudes, such as the
town name Zöblitz at 600 m a.s.l. in the central part (Wen-
zel, 2016). But the majority of historical place names are of
German origin and date from the Middle Ages or Modern
Period. Also, in the Bohemian Erzgebirge there have so far
only been single prehistoric stray finds (Blažek et al., 1995).
Kenzler (2012) summarises that there have been no perma-
nent settlements in the mountains for the entire prehistory.
According to the available records, the Erzgebirge were only
visited for raw material extraction, hunting, and crossing.
However, this interpretation can also be due to the state of
research, as findings on prehistoric settlements or intensive
use of other low mountain ranges in central Europe suggest
(e.g. Rösch, 2013; Kozáková et al., 2015, 2022; Henkner et
al., 2018; Dreslerová et al., 2020; Wiezik et al., 2022).

In view of the early human impact, the archaeological
indications of Bronze Age tin placer mining around 2000–
1300 cal BCE from the western and eastern Erzgebirge from
altitudes of 900 and 740 m a.s.l., respectively, are particularly
remarkable (Bartelheim and Niederschlag, 1997; Tolksdorf
et al., 2020b). These mining and probably even metallurgic
activities were inevitably associated with (ultra?)local for-
est clearings and also required transport routes, which have
been at least partially free from vegetation. To date, however,
there are no pollen diagrams near these early mining sites
with a potential palynological record of these local dynamics.
Available diagrams in greater distance to these sites (IDs 3, 4,
57b, 44a, 44b, 45; Fig. 1) show no pollen signals specifically
for the period 2000–1300 cal BCE that would indicate defor-
estation or other anthropogenic activities in the area. How-
ever, geochemical and palynological evidence of local early
mining in the Bronze Age, early Iron Age, and Roman Age
is also available from the Bohemian Erzgebirge (Veron et al.,
2014; Bohdálková et al., 2018). In summary, it is very likely
that prehistoric mining in the Erzgebirge, which has only just
initially been researched, led to local forest clearings and the
development of replacement vegetation communities at cer-
tain sites and routes. Whether other local land-use activities
also took place at least seasonally (e.g. grazing by transport
animals and livestock, hunting, timber extraction, and honey
production) can only be assumed analogous to other prehis-
toric and early medieval mountain areas in central Europe
(e.g. Rösch, 2000; Valde-Nowak, 2013; Schreg, 2014; van
der Knaap et al., 2020; Hrubý, 2021).

In addition, it should be mentioned that the Erzgebirge
were already a transit area in the prehistory, specifically
since the Neolithic, connecting today’s central and north-

ern Germany with the Bohemian Basin. Corresponding paths
crossed the mountain crest area at various points (Hauswald
and Simon, 1995; Ruttkowski, 2002; Kenzler, 2012). Along
these routes and in local camps, the latter potentially neces-
sary as rest stops for shelter, changing horses, and procuring
food and fodder (Bell, 2020), the natural forest vegetation
has certainly been anthropogenically modified.

6.5 Forest structure and human impact in the Middle
Ages

Already the early palynological works on the Erzgebirge
have suggested that before the high to late medieval clearings
(late 12th to early 16th centuries CE), the montane zone was
densely forested, mainly by Fagus and Abies with a certain
amount of Picea (Rudolph and Firbas, 1924; Frenzel, 1930;
Firbas, 1952; Jacob, 1956). Following that, Picea was more
abundant or even dominant in the crest area. Locally, i.e. in
the mires there, Pinus mugo likely played an important role.

For the low-lying Tharandt Forest (ca. 190–460 m a.s.l.) it
could be shown, using a spatial approach based on a total
of 22 pollen profiles (IDs 77–89, Fig. 1), which is unique
for the study area thus far, that the tree species composi-
tion described above was much more spatially complex in
detail (Jacob, 1956). Different locations here, i.e. differences
in relief, exposure, substrate/soil, and water balance, led to
a close-meshed pattern of different forest vegetation. Indeed,
Fagus and Abies occurred extensively on slopes and plateaus.
Picea grew in the floodplains of streams together with Alnus
glutinosa and Betula pubescens. In addition, Picea occurred
in further cool and damp to wet locations (steep northern
slopes, ravines, swamps, and mires). Pinus sylvestris, Quer-
cus species, and Betula pendula inhabited rocky outcrops,
sandy soils, and sunny slopes. Based on the data available
at this time, the distribution pattern of Fraxinus excelsior,
Ulmus species, Acer species, and Populus species remains
somewhat unclear. These tree species obviously did not play
a significant role over a large area, but they were mixed in.
Corylus avellana was common in bright places. The variance
of shrubs was not determined. In addition to this site-related
control of the tree species distribution, there were also dy-
namic biotic and abiotic effects, e.g. as a result of the life
cycle of the trees, competition, or calamities (e.g. insect in-
festation, fire, relief instability/soil erosion; Leuschner and
Ellenberg, 2017). Although the example of the Tharandt For-
est, which has been very well examined palynologically, rep-
resents a forest lying low in the Erzgebirge, it can be assumed
that a similarly complex spatial differentiation also applied to
the higher-lying areas in the region. This is indicated by the
record of current site-related tree species differences in near-
natural forest protection areas on higher altitudes in that re-
gion (Sächsisches Staatsministerium für Umwelt und Land-
wirtschaft, 2008).

Already the early works indicate the end of a large-scale
Fagus and Abies dominance and the formation of replace-
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ment vegetation in the 12th–13th centuries CE according to
the still-valid basic outlines of the medieval settlement his-
tory in the region. The current dominance of Picea was inter-
preted as the result of natural reforestation after abandonment
of intensive land use in the late Middle Ages and in modern
times but above all of reforestation since the 18th century
CE. This has been clearly proven both by older investiga-
tions and by more recent forest historical investigations (e.g.
Kienitz, 1936; Nožička, 1962; Thomasius, 1994). However,
the temporal resolution of the last ca. 1000 years in the older
pollen diagrams was normally low, and the general focus was
mostly on the entire Holocene, neglecting a detailed charac-
terisation of the vegetation dynamics in the Middle Ages and
afterwards.

Even from the more recently analysed pollen diagrams
do only a few have a sufficiently large thickness of sedi-
ments originating from the last ca. 1000 years, i.e. enabling
a higher temporal resolution, and an independent chrono-
logical control by radiocarbon dates. Of these, the diagram
SPI-1, Spindelbach (ID 22, ca. 850 m a.s.l.; Houfková et al.,
2019; Marešová, 2022; Fig. 1), located on the crest area of
the Bohemian site of central Erzgebirge, is particularly suit-
able for characterising the local forest vegetation immedi-
ately before the start of the medieval clearing and the mo-
ment of deforestation, as well as the development of replace-
ment vegetation. This alluvial–colluvial sequence is 82 cm
thick and dated by four radiocarbon ages. The dominance
of pollen from the climax tree species Fagus (max 15 %),
Abies (max 12 %), and Picea (max 10 %), accompanied by
a high amount of fern spores (max 40 %), indicates that the
broader area around the sampling site was still forested at
the beginning of the 14th century CE. The area was cleared
around 1350 CE for the establishment of an agrarian settle-
ment (called Spindelbach after written medieval sources), as
reflected by a decrease in the sum of tree pollen to below
12 %, the increase in non-arboreal pollen up to 79 %, and
the emergence of various synanthropic taxa. According to
the pollen data, livestock breading and grain cultivation have
been the main economic bases in the village area. More-
over, as at the same time five mining villages were estab-
lished in an only 5 km radius around Spindelbach, human-
induced deforestation likely affected the tree species compo-
sition even in the broader area. In the period about 1450–
1480 CE, the village declined and finally was abandoned.
Its desertion corresponded to an epoch of regional economic
and demographic stagnation, overexploitation of the moun-
tain forests, and an era of harmful weather events (Houfková
et al., 2019), which are probably connected with the on-
set of the Little Ice Age. Immediately after abandonment,
forest regeneration started again, reflected by a renewed in-
crease in Picea (max 10 %), and together with Betula (max
20 %) formed a secondary forest. The sum of tree pollen
soon reached a maximum of ca. 60 %. Even though Picea
was restored by natural succession, Fagus and Abies never
achieved their former abundance, attaining relative maxima

of ca. 7 % and 2 %, respectively. In the mountains, Picea is
generally considered a pioneer tree species that benefits from
sites that have previously been cleared by humans, while the
natural re-establishment of Fagus and Abies requires more
sensitive conditions (e.g. close proximity to parent trees, mi-
croclimatic protection, shade; Ellenberg, 1996).

The reflection of the local deforestation of a largely still-
native forest in the high-lying profile Spindelbach, which
dates back to the second half of the 14th century CE, is quite
late compared to the historically known medieval settlement
and land-use history in the Erzgebirge at other sites (e.g.
Blažek et al., 1995; Kenzler, 2012; Tolksdorf, 2018; Cappen-
berg et al., 2020). Forest clearing and subsequent agricultural
or industrial activities (mining, metallurgy, glass, and char-
coal production) can generally be expected at many other,
but often much lower, locations since the second half of the
12th century CE (Fig. 12). For example, the start of silver
mining in the eastern Erzgebirge at Freiberg (ca. 380 m a.s.l.)
dates to the year 1168 CE (Wagenbreth and Wächtler, 1988),
at Dippoldiswalde (ca. 375 m a.s.l.) to the last quarter of
the 12th century CE (Schubert, 2017), and at Niederpöbel
(ca. 530 m a.s.l.) to the period 1180–1240 CE (Cappenberg
et al., 2020); fortifications and village settlements in the
central Erzgebirge around Zöblitz (ca. 600 m a.s.l.) and in
Ullersdorf (730 m a.s.l.) date from the late 12th to 13th cen-
turies CE (Billig and Geupel, 1992; Tolksdorf et al., 2020a);
and the Teufelsschloss castle in the western Erzgebirge near
Eibenstock (ca. 650 m a.s.l.) dates to the late 12th century
CE/around 1200 CE (Billig and Geupel, 1992).

This early settlement/land-use period, dated indepen-
dently of history and archaeology records, and the, thus, in-
evitable forest-clearing phase of the late 12th to 13th cen-
tury CE are also represented in several pollen diagrams
(IDs 32–37; Fig. 1) obtained from medieval to modern
stream valley sediments around the abandoned mining town
Přísečnice/Preßnitz (ca. 720 m a.s.l.), located on the Bo-
hemian side of the central Erzgebirge (Kočár et al., 2018).
These diagrams show a somewhat earlier deforestation (13th
century CE) caused by agriculture and mining in compari-
son to the nearby pollen diagram SPI-1, Spindelbach (ID 22),
described above. Although the proportions of the main tree
species vary significantly in these six diagrams, they are ba-
sically the same at the moment of local clearing, namely Fa-
gus, Abies, and Picea. In some cases, there were not a com-
plete clearing and agricultural or industrial use of the sites
but only a forest thinning with an increase in Picea and a
decrease in Fagus and Abies.

Thus, based on the current knowledge from all available
pollen diagrams – although these are not always available in
the “right” place, and targeted palynological transect stud-
ies are also still missing – it can be assumed that in the
Erzgebirge from the submontane (ca. 300–500 m a.s.l.), via
the montane (ca. 500–900 m a.s.l.) to the high-montane zone
(ca. 900–1200 m a.s.l.), forests with Fagus and Abies, and to a
minor degree Picea, existed until the high medieval clearing.
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Figure 12. Historical forest cover dynamics of the Erzgebirge
(Saxon part) and surroundings (spatial data: Hempel, 2009, mod-
ified). (a) The 7th to 9th centuries CE, (b) 10th to 12th centuries
CE, (c) 12th to 14th centuries CE, (d) 17th to 18th centuries CE,
and (e) 20th to 21st centuries CE.

Other tree species (e.g. Acer, Ulmus, Pinus, Fraxinus, Alnus)
also grew in smaller proportions on average but with poten-
tially greater local participation. In the 20th century CE, there
were still mostly small-scale locations with Fagus and Acer
in the upper reaches of the Erzgebirge, i.e. up to ca. 1000–
1100 m a.s.l. (Heynert, 1964). Also, isolated occurrences of
Abies were still reported in the 19th–20th centuries CE up
to about 1000 m a.s.l. (Firbas, 1952). This means that these
tree species of the former “hercynic mixed mountain for-
est” (Drude, 1902) had, from today’s perspective, an almost
unimaginable, much wider distribution up to the High Me-
dieval than indicated by their current sparse distribution “in
the endless spruce sea”. Natural (mixed) Picea forests, how-
ever, regularly had a very small proportion at the highest al-
titudes (> ca. 900 m a.s.l.) and here in special locations such
as wet sites or those with shallow soils as well as rocky cliffs
and other sites with extreme conditions that restrict compe-
tition from other tree species (Heynert, 1964; Schmidt et al.,
2002; Hempel, 2009).

Of course, for potential tree species distribution, in addi-
tion to anthropogenic processes, climatic developments dur-
ing the Middle Ages and afterwards must also be considered.
So far, however, there has been no regional climate recon-
struction for the Erzgebirge for the last ca. 1000 years (Tolks-
dorf and Scharnweber, 2018). Therefore, only the quan-
titative reconstructions generally available for central Eu-

rope (e.g. Glaser, 2008; Büntgen et al., 2011; Luterbacher
et al., 2016) can be transferred to this area. This applies to
the Medieval Climate Anomaly (ca. 900–1200 CE, relatively
warm) and Little Ice Age (ca. 1250–1700 CE, relatively cold)
main thermal phases on the one hand and to exceptional dry
(ca. 950–1700 CE, ca. 1490–1540 CE) and wet periods (ca.
1050–1150 CE, ca. 1600–1800 CE) on the other hand. At
higher altitudes in particular, a combination of cooler and
wetter conditions could potentially benefit Picea and disad-
vantage Fagus and Abies. However, historical sources show
that the Erzgebirge was still suitable for the cultivation of
robust field crops at the end of the Little Ice Age, even at
higher altitudes. Although the upper zones of the Erzgebirge
can generally be considered agriculturally unfavourable ar-
eas, cereals, potatoes, and garden fruits could be cultivated
even in the rather cold 18th to 19th centuries CE (i.e. the
very late part of the Little Ice Age) for subsistence economy
up to the mountain crest area at around 1000 m a.s.l. (Sigis-
mund, 1859). Even today, fields with grain, rape, and forage
grass reach up to an altitude of ca. 950 m a.s.l., for example
in Oberwiesenthal. Thus, the last ca. 1000 years in the Erzge-
birge have most probably enabled the potential existence of
the climatically more demanding Fagus, several other decid-
uous tree species, and Abies at all times and almost every-
where, except in mires and other extreme sites. Therefore the
expansion of the climatically less demanding Picea in the
Early Modern Period and afterwards, which can actually be
determined in pollen diagrams and in historical sources, was
a consequence of succession after repeated anthropogenic
disturbance or direct planting and not of climatic cause (see
from a central European perspective Seim et al., 2022).

The information given above shows that medieval veg-
etation dynamics have been studied in detail at least for
some sites at different altitudes. For Saxony, Hempel (2009)
presented a map of the “natural vegetation at around 1000
(−1200) CE” based on the state of knowledge on Holocene
vegetation development available at that time (Fig. 13). It
is based on geobotanical, palynological, archaeological, his-
torical, and onomastic data. For the Erzgebirge this map
shows along an altitudinal gradient Abies-dominated forests
in the lower position; Fagus-dominated forests in the mid-
dle position; and Picea-dominated forests in the upper posi-
tion, there together with large mire areas. In fact, these three
tree species are mixed in different proportions, sometimes
with a higher proportion of other trees (Acer, Pinus). Com-
pared to the map of the potentially natural vegetation accord-
ing to Schmidt et al. (2002; Fig. 3) – for a definition and
discussion of both methodological concepts see, for exam-
ple, Jaroslav (1998), Chiarucci et al. (2010), and Loidi et
al. (2010) – in addition to similarities (Picea forests in the
crest area, Fagus forests in the middle altitude), it is strik-
ing that Abies-dominated forests are mapped for the lowest
mountain positions and for the northward-adjoining loess hill
and glacial morainic landscape. The map of the potentially
natural vegetation, however, shows Quercus–Fagus forests
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Figure 13. Reconstructed natural vegetation at around 1000
(−1200) CE for the Erzgebirge (Saxon part) and surroundings (spa-
tial data: Hempel, 2009, modified).

or Carpinus–Quercus forests, as they also occur at least on a
small scale in the present. This somewhat unusual “invasion”
of the mountain tree Abies in the lowlands is explained by
Hempel (2009) in terms of vegetation ecology: Abies, in the
mountains with somewhat similar demands as Fagus, would
be a more competitive tree species on the prevailing com-
pacted and thus seasonally waterlogged (i.e. stagnant wa-
ter) loess and morainic soils in the hills and lowlands near
the mountains. Geobotanical, historical, onomastic, and to
a lesser extent also pollen analytical arguments (e.g. Jacob,
1971) are provided for this. In general, however, this hypoth-
esis still needs to be verified.

6.6 Modern forest dynamics

While at least some local pollen records cover the Middle
Ages and the Early Modern Period, pollen data from the past
ca. 300 years are largely missing. On the one hand, this has
to do with the obviously little palynological interest in this
period so far. On the other hand, younger peat layers were
lost due to drainage and subsequent oxidation in almost all
Erzgebirge mires. This means that the last few centuries often
evade potential analysis in mires.

One of the few studies attempting to palynologically re-
solve the last few hundreds of years is the one from the
Ocean Bog mire (ID 75, 900 m a.s.l.; Fig. 1) in the western
part of the Erzgebirge in Bohemia (Novak et al., 2008). This
pollen diagram, only 36 cm thick and dated using 210Pb, has
been interpreted to show a (near-)natural (or already regen-
erated?) forest at the end of the 17th/beginning of the 18th
century CE, consisting of Fagus, Abies, and Picea, as well
as other tree species (e.g. Pinus, Betula, Alnus). The sum of

tree pollen in that time reached 90 %. In the first half of the
19th century CE there was a shift from a closed- to an open-
canopy forest (arboreal pollen– AP – ca. 70 %) caused by lo-
cal human impact. Fagus and Abies almost disappeared, and
Picea increased sharply. The strongest open character was
reached around the beginning of the 20th century CE (AP ca.
45 %). More recent events, such as the forest dieback in the
second half of the 20th century CE (decreasing Picea), the
emergence of invasive plant species (detection of Ambrosia),
and local wetland regeneration (increasing Sphagnum) are
also reflected very well in this diagram. This example under-
lines the potential of high-resolution pollen analysis of young
peat layers in at least some Erzgebirge peatlands.

From the Early Modern Period, the proportion and diver-
sity of synanthropic taxa increased significantly compared to
the Middle Ages. Of course, the altitude must be considered
here because the lower altitudes (< 500 m a.s.l.) are climat-
ically more suitable than the upper altitudes (> 500 m a.s.l.)
for diversified agriculture with a correspondingly richer use
of cultivated plants. The sum of synanthropic taxa reaches
up to ca. 10 % maximum in higher altitudes and 15 %–20 %
maximum in the lower altitudes, respectively. In addition,
there is a wider spectrum of palynologically proven plants
(e.g. Cannabis, Linum). Forest management from the 18th
century CE onwards (Thomasius, 1994) also left traces in
the pollen precipitation. On the one hand, the proportions
of Picea and Pinus, as tree species that are particularly in-
tensively planted in the region, increased significantly (Picea
max 67 %; Pinus max 50 %). On the other hand, single pollen
from new tree species imported from other regions were of-
ten found (e.g. Larix, Juglans, Pseudotsuga, Castanea).

The settlement and industrial development in the Erzge-
birge, particularly mining and metallurgy, caused a massive
consumption of wood resources, especially from the turn of
the 15th/16th centuries CE onwards. At the same time, the
human population grew, many mining towns were founded,
and more forest areas were cleared for agricultural use (e.g.
Wilsdorf et al., 1960; Thomasius, 1994; Cembrzyński, 2019;
Claire, 2022). This leads to a drastic reduction in the forest
area up to the mountain crest. The minimum of the forest
area was reconstructed for the late 17th to 18th centuries
CE (Hempel, 2009; Fig. 12). During this time, the high-
est mountain top in the Saxon Erzgebirge, the Fichtelberg
(1215 m a.s.l.), was also forest-free (Sächsisches Staatsmin-
isterium für Umwelt und Landwirtschaft, 2008). However,
this development was neither temporally nor spatially homo-
geneous at the expense of the forest area. An economic crisis
hit the region already as early as the 14th century CE (Derner
et al., 2016), and the Thirty Years’ War during the first half
of the 17th century CE also led in phases to a decrease in
the pressure of use and to a renewed increase in forest cover
(Wetzel, 2010). In these phases, pioneer forests were able to
develop again in areas formerly used for agriculture or in-
dustry, which was accompanied by an increase in, for ex-
ample, Picea and Betula in pollen diagrams. Larger areas of
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forest were probably still present in the western Erzgebirge
in the late Middle Ages (Hempel, 2009). From the 18th to
the 20th century CE, government measures in particular led
to a re-expansion of the forest areas in the entire region, in
particular through the establishment of Picea monocultures
(Fig. 12). Forest losses due to emission damages in the 1960s
to 1990s, mainly in the crest region, have since been com-
pensated for. On the Bohemian side alone ca. 40 000 ha was
reforested (Šrámek et al., 2008).

However, the current and coming years’ climate-change-
related forest damages, especially at Picea (due to droughts
and subsequent bark beetle infestation), could surpass any-
thing documented from the 20th century CE in the Erzge-
birge (Kupková et al., 2018; SMEKUL, 2020; Gdulová et
al., 2021). This regional development fits into the dynam-
ics for central Europe with a huge loss of Picea stands
since the 2010s (e.g. Neumann et al., 2017; Bałazy et al.,
2019; Schuldt et al., 2020). In Germany alone, the area with
tremendous tree losses amounts to ca. 500 000 ha between
2018 and 2021, which corresponds to ca. 5 % of the German
forest cover (DLR German Aerospace Center, 2022).

Efforts have been made in the Erzgebirge for decades to
achieve ecological forest conversion, mainly including the
conversion of Picea monocultures to mixed stands involving
Fagus, other deciduous trees, Abies, and Picea (Eisenhauer
and Sonnemann, 2009; Staatsbetrieb Sachsenforst, 2017). On
the one hand, however, the speed of active forest conver-
sion is currently not keeping pace with the dying of forest
stands. On the other hand, a lack of mother trees for decid-
uous trees and Abies as well as excessive game populations
slow down natural forest change (Fuchs et al., 2021). In the
future, Fagus, other deciduous trees, and possibly also Abies
in the Erzgebirge will probably benefit from the rising tem-
peratures resulting from climate change and expand upwards.
Picea, however, will probably continue to come under mas-
sive pressure to exist, especially due to drought stress and
competition from other tree species, and will even disappear
over large areas in the lower altitudes as a still-dominant tree
(e.g. Kölling et al., 2007; Kašpar et al., 2021).

7 Conclusions

Understanding the status and anticipating possible future
changes in central European mountain forests are facilitated
by a systematic historical perspective. For the Erzgebirge,
the review of available pollen records provides insights into
the vegetation history both on a millennial scale (i.e. whole
Holocene) and on a centennial scale (i.e. last centuries). The
121 pollen diagrams compiled for this represent an excep-
tionally high data density for a low mountain range in central
Europe. On the one hand, this results from a remarkably long
palynological research tradition since the 1920s. On the other
hand, projects on environmental history in particular have led
to a significant increase in pollen data since the 1990s. From

the evaluation, analysis, and discussion of the regional data,
we draw the following conclusions.

Although all pollen diagrams may help to reveal the pres-
ence/absence of the major tree taxa, only the more recent di-
agrams also ensure a resolution of the other taxa categories
(i.e. rare trees, shrubs, herbs, grasses, spores). To date, only
a few diagrams have chronological control by radiocarbon
ages. This makes it necessary to create, in the future, more
taxonomically and chronologically high-resolution as well
as radiometrically well-dated pollen diagrams in the region,
preferably along site sequences/toposequences using larger
peatlands.

The six main regional vegetation phases identified for
the Holocene (Betula–Pinus phase, Corylus phase, Picea
phase, Fagus–Picea phase, Abies–Fagus–Picea phase, an-
thropogenic vegetation phase) largely correspond to exist-
ing older schemes for the Erzgebirge and other low mountain
ranges in northern central Europe.

For four vegetation phases, clear differences in the pro-
portion of the main tree taxa can be seen on the basis of the
present analyses with regard to both the soil and the altitude.
For example, in the Abies–Fagus–Picea phase (ca. 4500–
1000 cal yr BP) on the prevailing loamy soils and up to about
1000 m a.s.l., Abies (max ca. 50 %) dominates followed by
Fagus (max ca. 40 %). During most times pollen proportions
of Picea were the highest in the highest altitudes, i.e. above
ca. 1000 m a.s.l.

Some pollen diagrams located up to an altitude of
ca. 900 m a.s.l. show the presence or even continuous curves
of potential pasture and meadow indicators from around
2000 cal BCE at the earliest. Even cereal pollen occurs spo-
radically already before the High Medieval. However, these
signals cannot (currently) be interpreted as unequivocal in-
dicators of widespread prehistoric land use, since no supple-
menting studies on the influence of a potential long-distance
pollen input are available from the area. However, archaeo-
logical and geochemical findings show that local mining and
metallurgical activities took place even at higher altitudes in
the Erzgebirge in the Bronze Age and the Iron Age.

The pollen records show that immediately before the ex-
tensive clearing in the High Middle Ages (12th/13th cen-
turies CE) from the submontane (ca. 300–500 m a.s.l.), via
the montane (ca. 500–900 m a.s.l.) to the high-montane zone
(> ca. 900 m a.s.l.), mixed forests of Fagus and Abies with a
certain proportion of Picea grew in most sites in the Erzge-
birge. Other tree species (e.g. Acer, Ulmus, Pinus, Fraxinus,
Alnus) also grew in smaller proportions on average but with
potentially greater local participation. Natural (mixed) Picea
forests, however, regularly had a very small proportion only
at the highest altitudes (> ca. 900 m a.s.l.).

Despite the large number of pollen diagrams, the moment
of local clearing (late 12th to mid-14th centuries CE) and the
development of replacement vegetation has so far only been
precisely dated and botanically reflected in detail in a few
cases. Although the proportions of the main tree species vary
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significantly in these diagrams, they are basically the same at
the moment of clearing, namely Fagus, Abies, and Picea. In
some cases, there was not a complete clearing with following
agricultural, settlement, or industrial use of the sites but only
a forest thinning with an increase in Picea and a decrease in
Fagus and Abies.

A few records make it clear that, despite modern distur-
bances in the geoarchives due to peat extraction, drainage,
or overbuilding, there is a high palynological potential for
in-depth research also into the more recent vegetation and
environmental history of the region, i.e. covering the last ca.
300 years.
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Abstract: The study of geological archives of dust is of great relevance as they are directly linked to past atmo-
spheric circulation and bear the potential to reconstruct dust provenance and flux relative to climate
changes. Among the dust sinks, loess–palaeosol sequences (LPSs) represent the only continental and
non-aquatic archives that are predominantly built up by dust deposits close to source areas, provid-
ing detailed information on Quaternary climatic and terrestrial environmental changes. Upper Pleis-
tocene LPSs of western central Europe have been investigated in great detail showing their linkage to
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millennial-scale northern hemispheric climate oscillations, but comprehensive data on dust composi-
tion and potential source–sink relationships as well as inferred past atmospheric circulation patterns
for this region are still fragmentary.

Here, we present an integrative approach that systematically combines sedimentological, rock mag-
netic, and bulk geochemical data, as well as information on Sr and Nd isotope composition, enabling
a synthetic interpretation of LPS formation. We focus on the Schwalbenberg RP1 profile in the Mid-
dle Rhine Valley in Germany and integrate our data into a robust age model that has recently been
established based on high-resolution radiocarbon dating of earthworm calcite granules. We show that
Schwalbenberg RP1 is subdivided into a lower section corresponding to late oxygen isotope stage 3
(OIS; ∼ 40–30 ka) and an upper section dating into the Last Glacial Maximum (LGM; ∼ 24–22 ka),
separated by a major stratigraphic unconformity. Sedimentological proxies of wind dynamics (U ra-
tio) and pedogenesis (finest clay) of the lower section attest to comparable and largely synchronous
patterns of northern hemispheric climatic changes supporting the overall synchronicity of climatic
changes in and around the North Atlantic region. The anisotropy of magnetic susceptibility (AMS)
reveals a clear correlation between finer grain size and increasing AMS foliation within interstadials,
possibly owing to continuous accumulation of dust during pedogenic phases. Such a clear negative
correlation has so far not been described for any LPS on stadial–interstadial scales.

Distinct shifts in several proxy data supported by changes in isotope composition (87Sr/86Sr and
εNd) within the lower section are interpreted as changes in provenance and decreasing weathering
simultaneously with an overall cooling and aridification towards the end of OIS 3 (after ∼ 35 ka) and
enhanced wind activity with significant input of coarse-grained material recycled from local sources
related to increased landscape instability (after ∼ 31.5 ka). We find that environmental conditions
within the upper section, most likely dominated by local to regional environmental signals, signifi-
cantly differ from those in the lower section. In addition, AMS-based reconstructions of near-surface
wind trends may indicate the influence of north-easterly winds beside the overall dominance of west-
erlies. The integrative approach contributes to a more comprehensive understanding of LPS formation
including changes in dust composition and associated circulation patterns during Quaternary climate
changes.

Kurzfassung: Die Untersuchung geologischer Staubarchive ist von großer Bedeutung, da diese unmittelbar mit der
atmosphärischen Zirkulation verknüpft sind und somit das Potenzial besitzen, sowohl Änderungen
in der Staub-Herkunft als auch im Staubfluss in Verbindung mit Klimaänderungen zu rekonstru-
ieren. Löss-Paläosol-Sequenzen (LPS) stellen in diesem Zusammenhang die einzigen kontinentalen
nicht-aquatischen Archive dar, die sich aus Staubablagerungen bilden, die in relativer Nähe ihrer
Liefergebiete liegen. Sie liefern zudem detaillierte Informationen über klimatische und terrestrische
Umweltveränderungen im Quartär, die sich in Proxy-Daten der Staubzusammensetzung und der syn-
und postsedimentären Veränderung widerspiegeln. Zwar belegen detaillierte Untersuchungen von LPS
im westlichen Mitteleuropa direkte Verknüpfungen mit den jungpleistozänen Klimaschwankungen
der nördlichen Hemisphäre, jedoch sind umfassende Daten zur Staubzusammensetzung und zur Kop-
plung von Staubquellen und -senken sowie zu den abgeleiteten atmosphärischen Zirkulationsmustern
in der Region immer noch lückenhaft.

Unter Anwendung eines integrativen Ansatzes, der systematisch sedimentologische, gesteinsmag-
netische und geochemische Daten kombiniert und durch Daten zur Isotopenzusammensetzung ergänzt
wird, ist eine synthetische Interpretation der Bildung von LPS, hier am Beispiel des Profils RP1 am
Schwalbenberg im Mittelrheintal, möglich. Wir verbinden unsere Daten mit einem detaillierten und
robusten Altersmodell, das kürzlich auf der Grundlage hochauflösender Radiokohlenstoffdatierun-
gen an Regenwurmkalziten (sog. Earthworm Calcite Granules, ECG) publiziert wurde. Auf Basis
dieses Altersmodells kann gezeigt werden, dass das Profil RP1 in zwei Abschnitte, die durch eine
deutliche Diskordanz getrennt sind, gegliedert wird. Der liegende Abschnitt entspricht dabei dem
späten Sauerstoff-Isotopenstadium (OIS) 3 (∼ 40–30 ka), während der hangende Abschnitt in das Let-
ztglaziale Maximum (LGM) datiert (∼ 24–22 ka). Für den liegenden Abschnitt zeigen die sedimentol-
ogischen Proxy-Daten (U Ratio, feinster Ton) vergleichbare und weitgehend synchrone Muster zwis-
chen dem Schwalbenberg und Daten aus grönländischen Eisbohrkernen (NGRIP) und unterstützten
somit die Annahme einer Synchronität von Klimaänderungen in und um den Nordatlantik.
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Die Anisotropie der Magnetischen Suszeptibilität (AMS) zeigt in Interstadialen eine klare Korrela-
tion kleinerer Korngrößen mit zunehmender AMS-Foliation, die möglicherweise auf kontinuierliche
Staubakkumulation während der Pedogenese zurückzuführen ist. Ein solch klarer Zusammenhang
wurde für LPS mit stadial–interstadialer Auflösung bisher nicht beschrieben.

Im liegenden Abschnitt von Profil RP1 am Schwalbenberg wird eine Abkühlung und Aridifizierung
im späten OIS 3 (nach ∼ 35 ka) durch signifikante Änderungen in verschiedenen Proxy-Daten und
der Isotopenzusammensetzung (87Sr/86Sr und εNd) deutlich, die auf unterschiedliche Staubquellen
und abnehmende Verwitterung hindeuten. Zusätzlich führt eine erhöhte Instabilität der Landschaft
in Richtung des LGM (nach ∼ 31,5 ka) zu verstärkter Windaktivität und dem Eintrag grobkörnigen
Materials, das aus lokalen Quellen recycelt wurde.

Die Proxy-Daten des hangenden Abschnitts deuten auf Umweltbedingungen hin, die sich sig-
nifikant von jenen des Liegenden unterscheiden und vermutlich durch lokale bis regionale Ein-
flüsse dominiert werden. AMS-basierte Rekonstruktionen der oberflächennahen Windtrends lassen
neben der Dominanz von Westwinden auf einen phasenweisen Einfluss von Winden aus nordöstlicher
Richtung schließen. Insgesamt sehen wir den vorgestellten integrativen Ansatz als einen wichtigen
Beitrag zum besseren Verständnis der Bildung von LPS, welche die Veränderungen der Staubzusam-
mensetzung und damit verbundener Zirkulationsmuster im Zuge quartärer Klimaänderungen besser
beleuchtet.

1 Introduction

The production of mineral dust, its aeolian transport, and its
deposition are important processes of the Earth–atmosphere
system affecting the global radiative balance, changing the
hydroclimate, and providing nutrients to both terrestrial and
marine ecosystems (Muhs, 2013; Knippertz and Stuut, 2014;
Marx et al., 2018). In order to understand potential links be-
tween dust flux and climate changes during the Quaternary,
the study of geological archives of dust is of great relevance,
as these are directly linked to past atmospheric circulation
(Schaffernicht et al., 2020). As such they bear the potential to
reconstruct dust provenance and dust flux relative to Quater-
nary climate changes whose proxies are frequently recorded
in some of these archives (e.g. Mahowald et al., 2006; Újvári
et al., 2016).

While ice, marine, and lake records are prominent Quater-
nary palaeoenvironmental and palaeoclimatic archives also
tracing variations in atmospheric dustiness (e.g. Rasmussen
et al., 2014; Sirocko et al., 2016; Kämpf et al., 2022), loess–
palaeosol sequences (LPSs) represent the only continental
and non-aquatic archive that is predominantly built up by
dust deposits close to source areas (Muhs, 2013). They are
thus providing detailed information on terrestrial palaeoen-
vironmental and palaeoclimatic change including dust com-
position and post-sedimentary alteration (e.g. Újvári et al.,
2012; Schaetzl et al., 2018).

In western and central Europe, enhanced dust deposition
during Upper Pleistocene stadial periods has been largely as-
cribed to increased fine particle production through glacial
grinding activity, frost shattering, and entrainment of silty
material from alluvial plains; glacial outwash plains; en-

dorheic basins; and exposed continental shelves (Frechen
et al., 2003; Antoine et al., 2009; Smalley et al., 2009;
Lehmkuhl et al., 2021; Pötter et al., 2021). In combination
with gustier winds related to steepened meridional temper-
ature gradients during stadial periods (McGee et al., 2010),
the increased dustiness is reflected in peak dust accumula-
tion especially during oxygen isotope stage (OIS) 2 along
the western European loess belt (e.g. Frechen et al., 2003;
Újvári et al., 2017; Fischer et al., 2021; Schmidt et al., 2021).
This pattern is also observed in regional aquatic archives,
such as maar lakes (e.g. Seelos et al., 2009; Fuhrmann et
al., 2021) and supra-regional archives, such as Greenland ice
cores (e.g. Rasmussen et al., 2014; Újvári et al., 2022).

In recent times, Upper Pleistocene key LPSs in west-
ern Europe have been investigated in great detail show-
ing their linkage to northern hemispheric glacial–interglacial
and millennial-timescale climate oscillations (e.g. Rousseau
et al., 2007; Moine et al., 2017; Fischer et al., 2021;
Prud’homme et al., 2022), but comprehensive data on dust
composition and potential source–sink relationships as well
as inferred palaeo-wind directions for this region are still
scarce (e.g. Taylor et al., 2014; Schatz et al., 2015).

With this study we aim to contribute to a better understand-
ing of dust provenance and past environmental dynamics us-
ing different methodological tools to investigate dust com-
position and to discuss potential source–sink relationships
during late OIS 3 (∼ 40–30 ka) and parts of OIS 2 (∼ 24–
22 ka) in western central Europe. Over the last few years,
we were able to show that the Schwalbenberg LPSs in the
Middle Rhine Valley in Germany resolve the last glacial cy-
cle in exceptional temporal detail (Fischer et al., 2021; Vin-
nepand et al., 2022), proving previous studies that suggested
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a linkage with the last glacial millennial-scale climate os-
cillations recorded in Greenland ice cores (Schirmer, 2000,
2011). Here, we focus on the 5.6 m deep section RP1, ex-
posed at the southern edge of the Schwalbenberg. The RP1
profile was studied in detail by Fischer et al. (2021). Beside
quantitative climate reconstructions based on the study of
oxygen and carbon isotopes of earthworm calcite granules
(ECGs), Bayesian age modelling based on radiocarbon dat-
ing of ECGs was used to establish a robust and reliable age
model of the Schwalbenberg RP1 LPS (Prud’homme et al.,
2022). Here, we use high-resolution sedimentological, rock
magnetic, and bulk geochemical data to characterize dust
composition along the stratigraphy. In addition, isotope geo-
chemical measurements (143Nd/144Nd and 87Sr/86Sr) were
conducted at lower resolution.

The U ratio, defined as the ratio of coarse versus medium
plus fine silt, is employed to reconstruct wind dynamics and
potential processes of sediment reworking (Vandenberghe et
al., 1985; Vandenberghe, 2013). In addition, the finest clay
content mostly reflects pedogenically formed clay (Schulte
and Lehmkuhl, 2018) but potentially also dust components
that have travelled longer distances (e.g. Muhs, 2013).

Beside such sedimentological data, the magnetic suscep-
tibility evolved to an essential stratigraphic tool in the in-
vestigation of LPSs. As shown for many sites in Eurasia,
magnetic susceptibility increases in palaeosols (magnetic en-
hancement), while relatively unaltered loess shows lower val-
ues. In contrast, lower magnetic susceptibility in palaeosols
compared to loess is explained by the wind-vigour model
(e.g. Evans and Heller, 2001); by waterlogging causing dis-
solution of iron minerals, which is mainly observed in loess
affected by periglacial conditions (e.g. Taylor et al., 2014;
Fischer et al., 2019); or by high amounts of primary mag-
netically enhanced sediments and their weathering products
(von Suchodoletz et al., 2009; Obreht et al., 2016). In addi-
tion to low field bulk magnetic susceptibility (hereafter MS)
the frequency-dependent magnetic susceptibility (hereafter
MSfd) is a qualitative parameter that allows us to determine
the relative amount of newly formed ultrafine magnetic par-
ticles in the course of (incipient) pedogenesis (e.g. Buggle
et al., 2014; Bradák et al., 2021). In the context of the re-
construction of past circulation patterns, the anisotropy of
magnetic susceptibility (AMS) can additionally be utilized,
which potentially reflects near-surface wind directions, if the
primary magnetic fabric is preserved (Hrouda, 2007; Zhang
et al., 2010; Taylor and Lagroix, 2015; Zeeden and Ham-
bach, 2021).

In addition to these physical parameters, the bulk ele-
ment composition is frequently employed to identify po-
tential provenance shifts and sediment recycling as well as
weathering intensity (cf. Buggle et al., 2011; Klasen et al.,
2015; Profe et al., 2016; Vinnepand et al., 2022). In com-
bination with Sr and Nd isotope geochemistry, which is a
common tool in provenance studies (Grousset and Biscaye,
1989, 2005), potential changes in dust sources as well as sec-

ondary alteration of isotope signals may be detected in LPSs.
While 143Nd/144Nd is a well-established provenance proxy
that is strongly resistant to surface processes (e.g. weath-
ering) (Goldstein and Jacobsen, 1988; Meyer et al., 2009;
Grousset and Biscaye, 2005), 87Sr/86Sr might be prone to
grain size effects (Feng et al., 2009) and to alteration through
weathering (e.g. Clauer and Chaudhuri, 1995), potentially
limiting a straightforward interpretation in terms of chang-
ing dust sources.

The systematic combination of these physical and geo-
chemical proxy data opens the perspective for a comprehen-
sive interpretation of LPS formation in the Middle Rhine Val-
ley in Germany. Employing such an integrative approach, we
aim to detect significant shifts in dust composition and dis-
cuss potential causes against the background of palaeoenvi-
ronmental and palaeoclimatic oscillations during the time pe-
riod investigated.

2 Regional setting and stratigraphy

The Schwalbenberg site in the Middle Rhine Valley is located
in the centre of the Rhenish Massif (Germany; 50.562378◦ N,
7.240425◦ E; −90–135 m a.s.l. – above sea level; Fig. 1).
Up to 30 m thick Upper Pleistocene LPSs drape the lower
middle terrace 1 (LMT 1) of the penultimate glaciation
(cf. Boenigk and Frechen, 2006) and at least two further,
older terrace levels of the Rhine, overall resolving Atlantic-
driven Upper Pleistocene climate oscillations in more detail
than any other terrestrial archive in the region described so
far (Fischer et al., 2021). Nowadays, the area is character-
ized rather by a maritime climate influence (mean annual
temperature: 10.2 ◦C; mean annual precipitation: 643 mm;
Deutscher Wetterdienst, 2023), with low-air-pressure sys-
tems predominantly entering the area from the Atlantic to
the west (Prud’homme et al., 2022).

During the Upper Pleistocene the site was situated be-
tween the glaciated Alps in the south; the Fennoscandian
(FIS) and British–Irish ice sheets (BIIS) in the north, which
reached their maximum extents during the Last Glacial Max-
imum (LGM) (e.g. Lambeck et al., 2014); and the – at this
time – dried out plains of the English Channel westward and
north-westward (Fig. 1), all of which are considered impor-
tant dust-producing and dust source areas for LPSs in west-
ern and central European periglacial realms (Antoine et al.,
2009; Lehmkuhl et al., 2021; Baykal et al., 2022). In addi-
tion, the alluvial plains of – over long periods – braided river
systems, here the Rhine and its tributaries, are assumed to
represent major regional dust sources during stadial phases
(e.g. Schatz et al., 2015; Rousseau et al., 2018).

Furthermore, the Rhenish Massif itself experienced inten-
sive frost-weathering in the most severe cold periods of the
Pleistocene and intensive sediment relocation under cold and
humid conditions, forming Pleistocene periglacial slope de-
posits (PPSDs) (Sauer and Felix-Henningsen, 2006), rep-
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Figure 1. Map based on the digital elevation model (GLOBE 1.0) showing western central Europe during the Last Glacial Maximum
(LGM, centred at ∼ 22 ka); the location of the Schwalbenberg site in the Middle Rhine Valley, Germany; and selected key sites (see text for
explanation). The Schwalbenberg site is located between the Alpine ice sheet in the south and the Fennoscandian and British–Irish ice sheets
in the north.

resenting potential subordinated local dust sources (Janus,
1988; Römer et al., 2016).

During the Upper Pleistocene, the Schwalbenberg site was
located close to the alluvial plains of the braided systems
of the rivers Ahr and Rhine, reflecting possible sources of
mineral dust of local to regional origin. The comparably
small Ahr River catchment (6.63 m3 s−1 mean annual dis-
charge; Ministry for Environment RLP, 2021) is located in
the northern parts of the Eifel area where Devonian rocks
(mostly schistose clayey silt- and sandstones and subordi-
nated limestones) are predominant (Meschede, 2018; Fig. 2).
In contrast, the Rhine catchment until the mouth of the
Ahr (2010 m3 s−1 mean annual discharge ∼ 20 km south of
Schwalbenberg; International commission for the hydrology
of the Rhine basin, 2021) includes the north-western Alps

and the Upper Rhine Graben (with small tributaries drain-
ing parts of the Vosges, Black Forest, and Odenwald), as
well as its main tributaries with the rivers Neckar (draining
parts of the Swabian Alb, Triassic Keuperbergland (Keuper
Uplands), Black Forest, and Odenwald), Main (draining the
Fichtel Mountains, Franconian Alb, and several other Fran-
conian uplands), Lahn (draining the Rhenish Massif), Nahe
(draining predominantly the Saar–Nahe basin), and Mosel
(draining parts of the Vosges, the easternmost Paris Basin,
and the Rhenish Massif) (Meyer and Stets, 1996; Fig. 2).

In this study, we focus on the 5.60 m thick RP1 profile lo-
cated at the southern fringe of the Schwalbenberg facing the
Ahr valley (Figs. 3, 4). The profile was described and subdi-
vided into 21 stratigraphic units (SUs), correlated to superor-
dinate stratigraphic units (SSUs) D, E, and F within the gen-
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Figure 2. Geological map showing the main geological units of the
Rhine catchment up to the Lower Rhine Embayment (Federal Insti-
tute for Geosciences and Natural Resources Germany, 2022). Cal-
careous rocks and sediments dominate the Rhine catchment in the
northern Alps and the Molasse basin. The flanks of the Upper Rhine
Graben include volcanites and metamorphic pre-Devonian rocks as
well as Triassic siliciclastics and carbonates. The Rhenish Massif
is dominated by Devonian slates and sandstones, and subordinated
Devonian limestones occur.

eral Schwalbenberg stratigraphic model (Fischer et al., 2021;
see Table 1). The SSUs were defined by lithology and by the
classification of palaeosols according to the IUSS Working
Group WRB (Schad et al., 2015).

High-resolution radiocarbon dating on ECGs confirm
that the lower section of the sequence covers late OIS 3,
which is characterized by the formation of Calcaric Cam-
bisols at Schwalbenberg correlated to Greenland Interstadials
(GIs) 8–6 (cf. Fischer et al., 2021; Prud’homme et al., 2022).
The Calcaric Cambisols of SUs 2–6 build a soil complex,
whilst the uppermost Calcaric Cambisol (SU 8), correlated
to GI 6, is clearly separated from the previous one by a loess
layer (SU 7).

Based on the RP1 age model (Prud’homme et al., 2022),
the Gelic Gleysol of SU 11 covers the transition from GI 5.2
to Greenland Stadial (GS) 5.2. A formation during milder cli-
mate conditions during GI 5.2 is likely. The next loess layer
of SU 12 is truncated due to erosion prior to accumulation of
the upper section represented by SSU F.

SSU F above the unconformity (base of SU 13) contains
reworked loess, loess, and weakly developed Gelic Gleysols

Figure 3. (a) Map of the Lower Middle Rhine Valley in west-
ern central Germany based on the digital elevation model (DEM
based on SRTM 30 data by USGS (2022). The Schwalbenberg site
is located north-west of the confluence of the Rhine and the Ahr.
These river systems are the most important source areas of mineral
dust. (b) The inset map (BingMaps, 2021) shows the position of
the REM 3 key LPSs and the RP1 section (cf. Fischer et al., 2021;
Prud’homme et al., 2022).

correlated to OIS 2 between ∼ 24 000 and 21 900 cal BP (see
Sect. 3.5).

3 Materials and methods

Continuous sampling in 2 cm intervals was performed for
grain size, bulk geochemical, and rock magnetic analyses in-
cluding the determination of the anisotropy of magnetic sus-
ceptibility (AMS). However, the latter was conducted for ev-
ery second sample (see Sect. 3.3). In addition, we collected
30 samples with 5 cm sampling width for Sr and Nd isotope
analyses according to stratigraphy (see Fig. 4 for sample dis-
tribution, sampling intervals are given in Table S2).

3.1 Laser granulometry

We analysed the grain size of samples from the Schwal-
benberg RP1 profile to calculate the U ratio and finest clay
proportion. The U ratio is defined as the ratio of coarse
versus medium and fine silt (Vandenberghe et al., 1985;
Újvári et al., 2016) and is used to discriminate between sedi-
ments that were transported by dynamic and relatively strong
winds (high U ratio) and those transported by weaker winds
(low U ratio) (Vandenberghe et al., 1997). The finest clay
proportion (fCl< 0.2 µm) mainly reflects post-depositional
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Figure 4. From left to right: stratigraphic log of profile RP1 and positions of ECG samples used for radiocarbon dating (modified after
Prud’homme et al., 2022; radiocarbon ages are given in Table 1). SSUs and SUs are given according to Fischer et al. (2021); log depicting
secondary magnetic fabric and loess layers used for AMS-based reconstruction of near-surface wind directions following the statistical
assessment (see Supplement for details); grain size data: U ratio and finest clay; magnetic fabric and environmental magnetism: foliation
of the AMS, MS (χ@300 Hz), and MSfd (1χ (fd)); geochemical data: log Ti/Al and log Sr/Rb; isotope geochemistry: 87Sr/86Sr and εNd.
Sr and Nd isotope sampling positions are indicated by grey squares next to the stratigraphic log of SUs, and 2σ for internal basalt standard
measurements (reproducibility) is below the size of the sample symbols for 87Sr/86Sr but exceeds these for εNd (see scale in the data plot).
For the calculation, statistics and uncertainty of AMS data, and details on sample reproducibility of isotope measurements, we refer the
reader to the Supplement.

grain size reduction by chemical weathering (Schulte and
Lehmkuhl, 2018).

We undertook granulometry using a laser diffraction par-
ticle size analyser (LS 13 320 PIDS, Beckman Coulter) to
analyse non-decalcified samples (cf. Schulte et al., 2016).
Sample pre-treatment involved removal of organic carbon by
0.70 mL 20 % H2O2 and dispersion with 25 mL of Na4P2O7
at 0.1 mol L−1 for 12 h (Jones, 2003; Blott et al., 2004).
Quadrupole measurements using two different concentra-
tions ensured high precision. Through data processing, we
applied the Mie theory (fluid RI: 1.33; sample RI: 1.55; imag-
inary RI: 0.1; Jones, 2003; Ozer et al., 2010).

3.2 Bulk geochemistry

We integrated the Ti/Al ratio as a provenance indicator,
as both elements are relatively immobile and their ratio
is not significantly affected by weathering or pedogenesis
(e.g. Zech et al., 2008; Sheldon and Tabor, 2009). In ad-
dition, we complementarily use the Sr/Rb ratio as an indi-

cator of weathering intensity based on the assumption that
Sr shows an analogous behaviour to Ca being easily solu-
ble and mobile in the course of weathering, while Rb be-
haves relatively immobile under moderate weathering condi-
tions due to strong adsorption to clay minerals (e.g. Buggle
et al., 2011). We are aware of the fact that the initial Sr/Rb
ratio is maybe partly masked by the dynamics of carbonate-
bound Sr in the course of secondary carbonate precipitation
(e.g. Buggle et al., 2011; Profe et al., 2016), the latter effect
being detailed by Vinnepand et al. (2020) for the Schwalben-
berg LPS.

We determined element composition with a polarization
energy dispersive X-ray fluorescence (EDP-XRF) spectrom-
eter (Spectro Xepos, Spectro) onto pressed sample pellets
(bulk sediments < 2 mm) (see Vinnepand et al., 2022). Mea-
surements were performed in duplicates to ensure data qual-
ity (measurements were excluded in the case when duplicates
exceeded 3σ ). We used the decadic logarithm (log ratios) of
element ratios for data symmetry and to overcome the closed
sum constraint (Weltje et al., 2015; Profe et al., 2016). For

https://doi.org/10.5194/egqsj-72-163-2023 E&G Quaternary Sci. J., 72, 163–184, 2023



170 M. Vinnepand et al.: Dust sinks and environmental dynamics

Table 1. Subdivision of the RP1 profile into superordinate stratigraphic units (SSUs) F, E, and D (lower (older) SSUs are not exposed at
RP1) and stratigraphic units (SUs) and their corresponding lithological and pedological interpretation (see Fischer et al., 2021, for further
details). The ages were published by Prud’homme et al. (2022) based on radiocarbon dating applied to 22 ECG samples, and the calibration
was based on IntCal20 (Reimer et al., 2020). The Greenland events are shown according to the INTIMATE event stratigraphy (Rasmussen
et al., 2014). The radiocarbon ages have been integrated into Bayesian age modelling (Prud’homme et al., 2022) using the Bacon software
(Blaauw and Christeny, 2011). The age model is integrated into Fig. 6 in the Discussion section.

Profile RP1 SSU SU Lithology/pedology Age (cal BP) Greenland events
min–max (2σ )

Upper section F 21 Loess –
F 20 Gelic Gleysol 21 426–22 150 GS 2.1a
F 19 Loess 22 327–22 500 GS 2.1a
F 18 Reworked loess 22 424–22 652 GS 2.1a
F 17 Gelic Gleysol 22 557–22 846 GS 2.1a
F 16 Reworked loess 22 793–23 073 GS 2.1a
F 15 Gelic Gleysol 23 079–23 663 GI 2.2
F 14 Loess 23 863–24 619 GS 3

Unconformity (base of SU 13) F 13 Reworked loess – –

Lower section E 12 Loess 30 199–30 970 GS 5.2/GI 5.1
E 11 Gelic Gleysol 31 128–32 018 GI 5.2/GS 5.2
E 10 Loess – GI 5.2/GS 5.2
E 9 Loess (partly laminated) 31 862–33 931 GS 6/GI 5.2
E 9 Loess (partly laminated) 32 562–33 412 GI 6/GS 6
E 9 Loess (partly laminated) 32 922–33 614 GI 6/GS 6
D 8 Calcaric Cambisol 33 077–33 703 GI 6
D 7 Loess 33 728–34 310 GS 7

6 34 749–34 153 GI 7/GS 7

D 6 35 134–34 453 GI 7/GS 7
D 5 Soil complex (Calcaric 34 879–35 675 GI 7
D 4 Cambisols, SU 2–6) 35 298–36 380 GS 8
D 3 36 406–37 473 GI 8
D 2 36 826–38 129 GI 8

D 1 Loess 37 374–38 873 GS 9
D 1 Loess 38 162–39 963 GS 9

integrating the element concentrations of Sr and Nd in the
context of mixing equations (cf. Faure and Mensing, 2005),
we applied XRF measurements to the same samples used for
isotopic measurements (see Sect. 3.4).

3.3 Magnetic susceptibility and anisotropy of magnetic
susceptibility

Since the 1980s environmental magnetic parameters have
been recognized as fundamental palaeoclimate proxies for
Eurasian LPSs, and low field magnetic susceptibility (MS)
was established as a stratigraphic tool, facilitating corre-
lations between terrestrial deposits and the marine record.
The latter is based on stratigraphic oxygen isotope data for
oceanic foraminifera, which in turn is a proxy for global ice
volume (e.g. Evans and Heller, 2003; Liu et al., 2012). The
frequency dependency of magnetic susceptibility (MSfd),
also expressed as the absolute difference of χ@300 Hz and
χ@3000 (Hzχ@300 Hz–χ@3000 Hz = 1χ ), provides in-

formation on magnetic grain size spectra and may allow for
the assignment of magnetic enhancement to soil formation
processes to wind vigour effects and depletion due to hydro-
morphy in comparison to the low field MS (Forster et al.,
1994; Bradák et al., 2021).

Furthermore, MS in LPS deposits has one additional appli-
cation. Directional measurements of MS on oriented samples
are used for fabric analyses. The AMS (anisotropy of mag-
netic susceptibility) method is an established structural in-
dicator even in unconsolidated geological materials (Bradák
et al., 2020). Magnetic fabric can be correctly approximated
by a second-order symmetric tensor and fabric magnitude
(i.e. degree of anisotropy) and fabric shape (i.e. prolate or
oblate). Additionally, the orientation of principal axes of
AMS ellipsoids (KMAX, KINT, KMIN) can be used for fab-
ric characterization and quantification (Hrouda, 2007).

In order to study the natural physical properties of the
undisturbed sedimentological fabric, we collected oriented
samples (cube edge lengths 2 cm, hence 8 cm3 sample vol-
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ume) exhibiting a ∼ 2.1 cm vertical spacing of their cen-
tres (Zeeden et al., 2015; Zeeden and Hambach, 2021).
The volume MS was measured using a susceptibility bridge
(VFSM; Magnon, Germany) at AC fields of 300 A m−1 at
300 and 3000 Hz, respectively. Subsequently, the resulting
values were mass normalized and given as mass-specific MS
(χ ) (cf. Buggle et al., 2014; Zeeden et al., 2018). Every
second sample (∼ 4.2 cm stratigraphic resolution) was sub-
ject to AMS measurements using a MFK1-FA kappabridge
(AGICO) in a 400 A m−1 and 976 Hz alternating field and a
rotator. We visualized the results of AMS measurements as a
magnetic susceptibility ellipsoid with three orthogonal prin-
cipal axes: the maximum axis (KMAX), the intermediate axis
(KINT), and the minimal axis (KMIN) by using the Anisoft
v. 5.0.18 software supplied by AGICO. The magnetic sus-
ceptibility ellipsoid defines the overall magnetic fabric of a
rock sample, reflecting the statistically preferred orientation
of mineral grains. In this study, we employed the most com-
mon anisotropy parameters that are used to investigate the
nature of magnetic fabrics in LPS, i.e. lineation (L) and foli-
ation (F) describing the shaped and oblateness of an AMS
ellipsoid, respectively. The data are presented in rose dia-
grams of KMAX and stereoplots displaying the full spatial
orientation of KMAX, KINT, and KMIN. The applied assess-
ment protocol (see Fig. 4) and associated statistical analyses
are detailed in the Supplement.

3.4 Strontium and neodymium isotope geochemistry

The original Sr and Nd isotope compositions of igneous
rocks represent fingerprints for their petrogenesis (e.g. pref-
erential partitioning of incompatible Nd and Rb into the melt
and compatible Sm and Sr into the solid residue during mag-
matic differentiation) and age (radioactive decay of 87Rb to
87Sr and 147Sm to 143Nd) (DePaolo and Wasserburg, 1976;
Goldstein et al., 1984; Grousset and Biscaye, 1989). This
leads to characteristic 143Nd/144Nd (εNd) and 87Sr/86Sr iso-
tope signatures in crustal and mantle rocks, with felsic rocks
having high 87Sr/86Sr and low 143Nd/144Nd (εNd) and the
inverse for mafic (mantle-derived) rocks (εNd represents
the original measured 143Nd/144Nd normalized to the chon-
dritic uniform reservoir 0.512638 (CHUR, t = 0) (Faure and
Mensing, 2005) following the equation

εNd= (144/143Ndsample/144/143NdCHUR− 1)× 10000. (1)

Older rocks of similar mineralogical composition have more
radiogenic 87Sr/86Sr and εNd due to prolonged radioactive
decay. Sediments forming through physical weathering of
crustal rocks inherit the isotope composition of their bedrock
(Goldstein and Jacobsen, 1988, 1987). The Sr isotope com-
position in a dust sink may differ from the source due to
mineral sorting e.g. during (aeolian) transport (Újvári et al.,
2012), and selective depletion of Sr-bearing minerals during
chemical weathering (e.g. Drouet et al., 2007). Hence, more
soluble Sr-rich minerals such as carbonates may change the

original 87Sr/86Sr bulk sediment composition. In contrast,
εNd is strongly resistant to surface weathering and grain size
sorting effects (Meyer et al., 2009; Újvári et al., 2012; Wang
et al., 2007; Zhu et al., 2021), still reflecting the original or
rather unchanged source rock composition. Prior to sample
digestion, we dissolved pedogenic calcites while preserving
clay minerals (0.5 M acetic acid) (Újvári et al., 2012). For
sample digestion, we used 6 mL of 48 % HF (AR grade) and
1 mL of trace grade 68 % HNO3 and heated the mixture at
150 ◦C in Teflon bombs. Purified Sr and Nd fractions were
used to determine 143Nd/144Nd and 87Sr/86Sr using an Iso-
topix Phoenix TIMS (thermal ionization mass spectrometer)
device through multi-dynamic analyses. For quality control,
we ran the NIST SRM 987 reference material (87Sr/86Sr =
0.710255±0.000013 at 2σ , n= 5) for Sr and the JNdi-1 ref-
erence material (143Nd/144Nd= 0.512103±0.000004 at 2σ ,
n= 7) for Nd. The average standard error for 100 ratios of
data for each of the samples is 0.000011 for 87Sr//86Sr and
0.000002± 2 SE for 143Nd/144Nd (for more information on
sample preparation, purification, and quality control, please
see Supplement).

3.5 Age modelling

Prud’homme et al. (2022) constrained the time span of a dis-
tinct unconformity at the base of SU 13 as a ∼ 5–6 kyr hia-
tus spanning 30 970–30 199 to 24 619–23 863 cal BP, based
on the closest radiocarbon ages below and above the uncon-
formity, respectively (see Table 1). Quantitative climate re-
constructions and the age model presented in Prud’homme
et al. (2022) were related to the stratigraphical positions of
the ECG samples chosen for either stable isotope analyses
or radiocarbon dating, whereof no samples were taken from
SU 13 and the lower part of SU 14 (both SUs located above
the unconformity). Here, we performed continuous sampling
in 2 cm intervals for grain size, bulk geochemical, and rock
magnetic analyses. Thus, we produced a continuous analyt-
ical data set along a discontinuous age model. To account
for this, we also integrated the stratigraphic information as
described by Fischer et al. (2021). Based on their litho- and
pedostratigraphic model, the erosional phase causing the hia-
tus in section RP1 must have taken place with or shortly after
the deposition of the Eltville tephra. This tephra, whose av-
erage age is around 24.3 ka (Zens et al., 2017; Förster et al.,
2020), is an important stratigraphic marker found in many
western European LPSs (e.g. Meijs et al., 1983). We then
re-calculated the age model with 2 cm intervals using the
Bacon software (Blaauw and Christeny, 2011) and the Int-
Cal20 calibration curve (Reimer et al., 2020). For the pro-
file section from 260 cm (base of SU 13 = unconformity) to
222 cm below surface (position of the first radiocarbon sam-
ple above the unconformity), we assume a continuous age
decrease with depth, ranging from 24 300 to 23 945 cal BP.

With regard to our interpretation of the proxy data plotted
against the age model (Fig. 6), we are aware that age uncer-
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Figure 5. Stereoplots showing the full spatial orientation ofKMAX,KINT, andKMIN and rose diagrams of the lineations for all samples that
passed the criteria as outlined (Fig. 4 and Sect. S1 in the Supplement) and the subsets for loess, reworked loess, Gelic Gleysols, and Calcaric
Cambisols. See Figs. S1 and S2 for a comparison of all samples for each sediment type.

tainties occur both in the radiocarbon-based age model and in
the INTIMATE (INTegration of Ice-core, MArine and TEr-
restrial records) event stratigraphy. In the latter, for instance,
the maximal counting error for GI 5.2 is 1024 years (Ras-
mussen et al., 2014) and thus in a similar range as the errors
in the underlying Bacon age model.

4 Results

4.1 Down-profile variation in selected proxy data

A clear subdivision of the RP1 profile is visible in all selected
proxies. Based on significant sedimentological changes in
the stratigraphical succession, a lower section (SUs 1–12)
reaching to the unconformity and an upper section above the
unconformity (SUs 13–21) are distinguished (Fig. 4). The
U ratio shows maxima in the loess layers (SUs 7, 9, 10, 12)
and in the middle of the basal soil complex (SUs 1–6), while
the finest clay shows an inverse behaviour with distinct max-
ima in all well-developed palaeosols. Above the unconfor-
mity, the variations in clay content are significantly lower,
showing a minimum at the transition from SU 13 to 14 and
weak maxima in the Gelic Gleysols of SUs 15 and 17. In
contrast, the U ratio shows higher and significant variations
with absolute maxima in SUs 13 and 18 and weak minima in
the Gelic Gleysols (SUs 15 and 17). Throughout the profile
and especially below the unconformity, minima in theU ratio
and maxima in the finest clay correspond to increased folia-
tion values.

The MS shows low variations in the entire lower part, with
a slight decrease from the base to the midst of SU 8, fol-
lowed by slight increases towards the midst of SU 11 from
where it slightly decreases again. Obviously, palaeosols and
loess layers are not clearly differentiated. The MSfd shows
an overall decrease from the base to SU 11, with increased
amplitudes above SU 6 and an inverse trend compared to the
MS from the top of SU 8 to SU 11. In the top part of SU
11, the values significantly increase towards the unconfor-
mity. In SU 13 both MS and MSfd reach maximum values,
whereof the MS forms a distinct peak. Above, the MS shows
minima in SUs 15, 17, and 20, where intensive hydromor-
phic staining has been observed. Another maximum is ob-
served at the base of the reworked loess of SU 18, while the
MSfd is continuously decreasing towards the top of the se-
quence. Log Ti/Al shows minor variations throughout the
lower section, with slightly increasing values on top of the
Calcaric Cambisol of SU 8. As described for the MS and
MSfd, also log Ti/Al increases towards the unconformity and
above, again forming a distinct maximum in SU 13. Gen-
erally lowered values are observed until the top of SU 17
and above SU 19, with higher values in between. Log Sr/Rb
shows the lowest values in the well-developed palaeosols of
the basal soil complex. From the top of SU 5 the values in-
crease, before they newly decrease from the top of SU 11 to-
wards the unconformity. Remarkably, the MS and log Sr/Rb
show a high correlation from SU 7 to SU 11. Above the un-
conformity, log Sr/Rb shows no significant variations. Both
the 87Sr/86Sr ratio and εNd cover a relative restricted range
from 0.722 to 0.730 and from −10.77 to −11.98, respec-
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tively. The 87Sr/86Sr ratio increases from the base until SU
6. In contrast, apart from the lowermost sample εNd follows
this trend until SU 3 but turns into the opposite trend there-
after, reaching the absolute minimum at the base of SU 6,
accompanied by the absolute maximum of 87Sr/86Sr. To-
wards the unconformity, both 87Sr/86Sr and εNd show an
inverse behaviour with decreasing 87Sr/86Sr and increasing
εNd values. Above the unconformity, throughout the upper
section only minor variations in 87Sr/86Sr occur. In contrast,
εNd overall decreases towards the base of SU 18, apart from
one peak at the top of SU 16. From the base of SU 18 it
increases again until the top of the sequence, thus being de-
coupled from 87Sr/86Sr in the upper part of the sequence.

To sum up, all proxy records indicate not only significantly
differing characteristics below and above the unconformity
but also a clear change starting in the upper part of the Gelic
Gleysol of SU 11.

4.2 Magnetic fabric

Overall, the preferential direction of the lineation of all sam-
ples that passed the assessment protocol (see Fig. 4, Sect. S1)
is SSW to NNE (Fig. 5). This is also true for datasets com-
prising all samples (Figs. S1, 2). All stereoplots show a hori-
zontal plain defined by KMAX, KINT, and KMIN plotting per-
pendicular to this plain and close to the vertical axis. It should
be noted that the principal axes of the AMS ellipsoids and
the resulting lineations are linears and not vectors, as they
do not indicate a distinct direction but only an alignment.
For example, an NE-pointing trend in the rose diagrams is
equivalent to a SW trend and vice versa, as the diagram is
to be read point-symmetrically. In the rose diagrams of lin-
eation and stereoplots, the loess units indicate clear popula-
tions (∼ 15 to∼ 45◦ and∼ 195 to∼ 225◦) aligned∼NE-SW.
However, reworked loess exhibits a second subordinate di-
rection perpendicular to the main direction (∼NNE–SSW),
possibly reflecting multiple water-runoff and sediment re-
working effects (cf. Tarling and Hrouda, 1993). The Gelic
Gleysols show a clear dominance of NNE–SSW lineations,
and the Calcaric Cambisols show a preferential trend of lin-
eations scattering between NNE–NE and SSW–SW. Further
information on the AMS results is given in the Supplement.

5 Discussion

5.1 Stratigraphic interpretation of proxy data

In order to comprehensively discuss our results, all
Schwalbenberg RP1 proxy data were plotted against the
radiocarbon-derived Bayesian age model (Fig. 6) accom-
plished by sedimentation rate and precipitation quantifica-
tion (Prud’homme et al., 2022). Schwalbenberg RP1 is sub-
divided into a lower section that covers the period from the
end of GS 9 until the end of GS 5.2 (∼ 39 200–30 800 cal BP)
and an upper section covering the last third of GS 3 until

GS 2.1 (∼ 24 300–21 900 cal BP). In the lower section, well-
developed palaeosols and loess layers particularly resolve the
period from GIs 8–5.2 and corresponding GSs, respectively.
Ranging between 2 and 3, the U ratio shows values typical
for central European LPSs, with lower values during inter-
stadials related to reduced wind activity and higher values
during stadials indicating gustier winds (e.g. Vandenberghe,
2013; Kämpf et al., 2022).

The basal soil complex (SUs 2–6) contains well-developed
Calcaric Cambisol horizons depicted by two distinct clay
peaks and lowest Sr/Rb values, attesting intensive weather-
ing and pedogenesis. In this context, the increase in 87Sr/86Sr
is unlikely to predominantly reflect provenance changes due
to its susceptibility to weathering impacts (cf. Clauer and
Chauduri, 1995), while the distinct shift in εNd might be re-
lated to a dust source signal (see Sect. S4).

The first clay maximum is followed by an increase in the
U ratio and a distinct peak in the sedimentation rate, cor-
responding to the second half of GI 8. After a short de-
cline, the Schwalbenberg sedimentation rate increases in tan-
dem with elevated dust probabilities in the nearby Eifel maar
lakes (Eifel Laminated Sediment Archive, ELSA, dust prob-
ability; Seelos et al., 2009), indicating continuous dust in-
put until the beginning of GI 5.2. This pattern diverges from
the trend recorded in the North Greenland Ice Core Project
(NGRIP), where high Ca2+ values relate to GSs and distinct
minima to GIs. This difference supports the idea of an ac-
cretionary character of the Schwalbenberg LPSs in general
and the palaeosols in particular, as described by Vinnepand
et al. (2020) and Fischer et al. (2021).

After GI 7, clay contents in RP1generally decrease but still
peak within the palaeosols of GI 6 (Calcaric Cambisol) and
GI 5.2 (Gelic Gleysol). TheU ratio follows exactly the oppo-
site trend, showing overall coarsening. Hence, this indicates
enhanced wind activity from GS 7 onwards, with clear max-
ima during GSs and reduction during GIs, respectively.

The MSfd shows overall decreasing values from SU 1 up to
the base of SU 11, indicating a continuous reduction in fine
magnetic particles. As MS is contemporaneously increasing
(Fig. 4), we assume that this opposite trend is related to a
domination of wind vigour over pedogenesis (e.g. Evans and
Heller, 2001). This is also supported by high U ratio val-
ues especially in loess layers (SUs 9 and 10) and a strong
increase in log Sr/Rb, indicating reduced weathering and in-
put of primary carbonates at the same time (see Vinnepand
et al., 2020; Fischer et al., 2021).

Log Ti/Al, which is interpreted to relate to provenance
(Zech et al., 2008; Profe et al., 2016), shows only minor fluc-
tuations in the entire lower section until SU 12. In contrast,
significant decreases in 87Sr/86Sr and increases in εNd are
observed within GS 7 (top of SU 6 and SU 7) towards GI 6
(SU 8) and GS 6 (on top of SU 8) towards GI 5.2 (SU 11),
respectively.

https://doi.org/10.5194/egqsj-72-163-2023 E&G Quaternary Sci. J., 72, 163–184, 2023



174 M. Vinnepand et al.: Dust sinks and environmental dynamics

Figure 6. Comparison of selected proxy data from Schwalbenberg RP1, compared with the NGRIP event stratigraphy, with δ18O and Ca2+

according to Rasmussen et al. (2014), and ELSA dust probability according to Seelos et al. (2009). Greenland Interstadials (GIs 8 to 2.1)
are numbered in red and Greenland Stadials (GSs) in black, and Heinrich Stadials (HS4 to HS2) according to Reutenauer et al. (2015) are
highlighted in light blue. Originally given as ages in years before 2000, the chronological scale has been shifted by 50 years to allow for direct
comparisons with the calibrated radiocarbon scale given in calibrated years before CE 1950 (cal BP). Chronostratigraphy and sedimentation
rates from Schwalbenberg are based on Bayesian age–depth modelling of the radiocarbon dated sequence using IntCal20 (cf. Prud’homme
et al., 2022). U ratio, finest clay, frequency dependence of magnetic susceptibility MSfd (1χ (fd)), log Ti/Al, and log SR/Rb are based on
a continuous 2 cm sampling interval. 87Sr/86Sr and εNd are based on 35 samples along the profile (see Fig. 4). Mean annual precipitation
estimates are based on the δ13C values of ECGs (Prud’homme et al., 2022). SUs and SSUs according to Fischer et al. (2021). All data are
given in Tables ST1 and ST2 in the Supplement.
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These trends are likely to be related to a provenance
change (see Sect. 5.2) that was contemporary with a strong
decrease in reconstructed precipitation values.

During the following GS 5.2 a significant shift occurred.
This was characterized by increased input of fine magnetic
particles in accordance with a distinct increase in log Ti/Al
and enhanced wind dynamics as indicated by the U ratio.
In combination with the observed isotopic signals, this indi-
cates severe changes in palaeoenvironmental conditions (see
Sect. 5.3).

Above the unconformity, which we constrain to a hiatus of
up to 6.5 kyr (between 30 800 and 24 300 cal BP), completely
different characteristics are observed in both the stratigraphic
record and the proxy data. We interpret the maxima in the
U ratio, MS, and MSfd as well as in log Ti/Al in SU 13
as the result of sediment relocation and recycling involv-
ing re-deposition of the Eltville tephra. The latter contains
detrital volcanogenic magnetic Ti–Fe oxides which show
frequently an oxidized rim of maghemite resulting from
low-temperature oxidation upon incorporation into sediment.
This oxidation process leads to particle-internal fining caus-
ing increasing superparamagnetic behaviour similar to pedo-
genic neo-formation. Here, it is limited to the maghemized
shell consisting of ultrafine domains in the superparamag-
netic single-domain (SD) range and therefore significantly
increases the MS (e.g. Liu et al., 2012; Zhang et al., 2021).
The highest sedimentation rates are in accordance with input
of coarser material as indicated by the highest U ratio values.
ELSA dust probability is also indicating increased dustiness,
which is – for this time interval – not observed in NGRIP
Ca2+. The finest clay at RP1 is slightly increased where the
U ratio forms a minimum related to the weakly developed
Gelic Gleysols. After the distinct maximum, the MSfd shows
a continuous decrease. While log Sr/Rb and 87Sr/86Sr show
almost no variations, log Ti/Al is increasing contemporar-
ily with fluctuating εNd during GS 2, for which the lowest
precipitation value is reconstructed. Overall, the stratigraphy
and related proxy data and the comparison to NGRIP indi-
cate that above the unconformity the dominance of local to
regional effects caused the major changes.

5.2 Isotope geochemistry and AMS-derived
near-surface wind trends: identification of dust
source–sink relationships?

Potential shifts in dust provenance from the OIS 3 to OIS 2
transition have been reported based on bulk geochemistry
and luminescence sensitivity for different Schwalbenberg
LPSs (Klasen et al., 2015; Profe et al., 2016; Fitzsimmons
et al., 2021; Vinnepand et al., 2022). These studies indi-
cate that sediment recycling within local source areas as well
as changes in wind direction may have caused the different
signals. Here, we add information on isotopic composition
and AMS-derived near-surface wind trends for Schwalben-
berg RP1. We compare Sr and Nd isotope data from differ-

ent potential dust source areas in western Europe (Fig. 7a).
As stated before (see Sects. 4.1, 5.1), the variations in εNd
are restricted to a narrow range, and significant shifts in
87Sr/86Sr in the lower section of the sequence may be related
to enhanced in situ weathering. Against this background,
caution is required in interpreting the presented data, but,
nevertheless, our combination of proxies allows for some
substantial contributions to the discussion of dust source-
to-sink relationships. This is especially true as data on dust
provenance based on precisely dated LPSs are still rather
scarce, with Schwalbenberg RP1 representing one of the best
dated LPSs of the wider region (Prud’homme et al., 2022).

Overall, the relatively coarse character of the silt and the
regional geographic setting of the Schwalbenberg at the con-
fluence of the rivers Ahr and Rhine in the centre of the
Rhenish Massif (Fig. 1) suggest dominating local to regional
dust components in most parts of the RP1 profile. Figure 7
shows that the Schwalbenberg Sr and Nd isotope data gener-
ally plot along a gradient between the recent suspended sedi-
ment load of the Upper Rhine (Tricca et al., 1999) and Devo-
nian slates from the Rhenish Massif (Moragues-Quiroga et
al., 2017). Hence, both the Rhine catchment and the Rhen-
ish Massif can be assumed as potential silt source areas. In
addition, both mixing hyperbolas between Eifel volcanites
and the Devonian slates and the Siebengebirge and Wester-
wald volcanites and the Devonian slates indicate a certain
amount of these volcanites to the Schwalbenberg LPSs. This
might also be reflected in the relatively high Nd concentra-
tions at Schwalbenberg (mean: 68.48 ppm; n= 30) in com-
parison to the Rhine suspended sediment load (11.1 ppm;
Tricca et al., 1999), the Devonian slates of the Rhenish
Massif (mean: 44.39 ppm; n= 5; Moragues-Quiroga et al.,
2017), and regional Pleistocene periglacial slope deposits
(mean = 44.64 ppm; n= 3; Moragues-Quiroga et al., 2017).
As reference, leucite basalt and phonolite andesites typi-
cally have high Nd concentrations around 81 ppm (Faure and
Mensing, 2005).

In contrast to Schwalbenberg, the LPS key sections of
Nussloch (Figs. 1, 7), located approx. 200 km south-south-
east on the eastern bank of the Upper Rhine, appear to be
dominated by dust input from the alluvial plain of the Rhine
River and other local sources (Schatz et al., 2015).

For other LPSs like Kesselt and Rocourt, both situated in
Belgium at the north-western edge of the Rhenish Massif
(Fig. 1), Sr and Nd isotope values of sediments that were de-
posited within the LGM (Gallet et al., 1998) indicate an im-
portant role of the Rhenish Massif as an additional local dust
source besides the Rhine system. Similar findings were also
reported for OIS 2 loess within the southern part of the Lower
Rhine Embayment and the north-western edge of the Rhen-
ish Massif (northern edge of the Eifel area) by Janus (1988).
In that study a systematic increase in heavy minerals indica-
tive of short-distance transport from the Eifel and Rhenish
Massif sediment source towards LPSs located north-west of
Schwalbenberg was observed, next to heavy minerals indica-
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Figure 7. (a) εNd and 87Sr/86Sr of reference samples from different sites in western central Europe in comparison to Schwalbenberg RP1.
Mixing hyperbolas indicate the possible mixing of two endmembers (in percentage) considering their Sr and Nd element concentrations and
their respective isotope values (cf. Faure and Mensing, 2005; all data are presented in Table ST3 in the Supplement) and were calculated for
mixtures between different endmembers (Devonian slate saprolite of the Rhenish Massif as continental crust endmember (grey; Moragues-
Quiroga et al., 2017), Rhine suspended sediment load (blue; Tricca et al., 1999), Odenwald granitoids (light grey; Siebel et al., 2012),
Siebengebirge and Westerwald volcanites (black; Schubert et al., 2015), Laacher See tephra and Eifel volcanites (red, as mantle-representing
endmember; Wörner et al., 1985; note that Förster et al. (2020) showed that the Eltville tephra found at Schwalbenberg originated from
an earlier eruption of the Laacher See volcano at 24.3 ka), northern France (Gallet et al., 1998), and Pleistocene periglacial slope deposits
(PPSDs) in the Rhenish Massif (Moragues-Quiroga et al., 2017)). Our plot suggests that the Schwalbenberg LPSs are dominated by sediments
from the Rhine valley as also described for Nussloch (Schatz et al., 2015). Compared to the latter, the isotope composition of the Kesselt
and Rocourt LPSs (Gallet et al., 1998) (see Fig. 1) and the Schwalbenberg LPSs indicate a higher amount of dust originating from Devonian
slates of the Rhenish Massif and/or PPSDs overlying the Devonian rocks. In addition, mantle-derived material from the Eifel and from the
Siebengebirge and Westerwald potentially contributes to the dust deposited at Schwalbenberg. Odenwald granitoids may reflect a contribution
via small Rhine tributaries. (b) Detail of plot (a) (see inset): the grey numbers refer to SUs, and the grey ellipses highlight that the samples
above SU 7 up to SU 11 may reflect an enhanced contribution of sediments from the Rhine towards the end of OIS 3. In contrast, SUs below
SU 7 down to SU 5, correlating to matured Calcaric Cambisols from the basal soil complex of the RP1 profile, plot offsite towards more
radiogenic Sr isotope values, indicating enhanced weathering. Symbology: loess (+), reworked loess (∗), Gelic Gleysols (�), and Calcaric
Cambisols (•).

tive of Rhine terraces and small Eifel riverbeds dissecting the
Rhine terraces as the main source areas.

Although the data shown in Fig. 7 indicate general differ-
ences in dust provenance, we have to keep in mind that (i) the
variations in Schwalbenberg RP1 Sr isotope composition are
certainly also influenced by in situ pedogenesis (see Fig. 7b,
especially within SUs 5 and 6 where the strongest weathering
is observed); (ii) the reference data for the suspended sed-

iment load from the southernmost part of the Upper Rhine
River (south of the Kaiserstuhl; see Fig. 1) mainly reflect
material originating from Miocene marine sediments of the
Alpine Molasse (Buhl et al., 1991), thus not including im-
portant Rhine tributaries located further north (e.g. the rivers
Main, Nahe, Lahn, and Mosel); (iii) also non-alpine prove-
nance spectra contribute considerably to the Pleistocene and
recent sediment budged of the Upper Rhine (Preusser et al.,
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2021; Hülscher et al., 2018); and (iv) sediments from the
Rhine catchment most likely experienced several cycles of
grain size reduction, sorting, and mixing within the allu-
vial plain and fluvial transport prior to its deposition at the
Schwalbenberg LPSs. Such processes occurring in the allu-
vial plains of river systems have recently been discussed by
Pötter et al. (2021) for LPSs from the Lower Danube and by
Baykal et al. (2022) for LPSs from the northern fringe of the
European loess belt in the context of dust provenance.

Despite the given limitations a clear change in isotope
composition after GI 7 (top of SU 6 and SU 7) and after GI
6 (SU 8) up to GS 5.2 (top SU 11) is indicated by slightly
increasing εNd and decreasing 87Sr/86Sr values, pointing to
enhanced input of dust being more comparable to the Rhine
suspended load (see Fig. 7b). This trend is accompanied by
a reduction of fine magnetic particles (decreasing MSfd), re-
duced weathering (increasing log Sr/Rb), and gustier winds
indicated by a dominance of wind vigour (inverse behaviour
of MS and MSfd) and high U ratio values (see Sect. 5.1).

Throughout the upper section of RP1 both isotope ratios
do not show typical inverse trends (Fig. 6). This may be
due to sediment sorting and reworking as observed within
the RP1 upper section, which may have biased the Sr iso-
tope composition. Nevertheless, slightly varying εNd values
in combination with significant variations in log Ti/Al might
reflect increased dust input from local to regional sources of
the Rhenish Massif. In combination with the AMS-based re-
construction of SSW–NNE near-surface wind trends (Figs. 4,
8), we assume that the alluvial plains of the rivers Rhine and
Ahr most likely are the dominating local sediment sources
for the investigated part of the Schwalbenberg LPS.

Based on our AMS data, however, we cannot decide
whether the near-surface winds came from SSW or NNE,
but wind regime statistics for the Schwalbenberg site in
the valley setting indicate an overall dominance of westerly
and south-westerly winds during the LGM and recent times
(Prud’homme et al., 2022).

In addition to these large alluvial sources, exposed fine-
grained rocks (e.g. in the incised upper Ahr valley), allu-
vial plains of small creeks, abandoned river terraces, and
widespread Pleistocene periglacial slope deposits (PPSDs)
may also have played an important role in silt production.
Furthermore, recycling of loess deposits may have con-
tributed an additional dust component into the LPS (cf.
Mroczek, 2013).

Overall, the obtained data on dust provenance and near-
surface wind trends point to dominating local dust sources
that were associated with gustier winds with predominant
SSW–NNE wind directions in stadial phases, while intersta-
dials may have been characterized by a significant dust com-
ponent from more distant sources. In this context, we found
a significant negative relationship between the AMS folia-
tion (F ) and the U ratio in SUs 5, 7, and 8 (see Fig. S4),
whereof SU 5 correlates to GI 7 and SU 8 to GI 6 (Fig. 6).
This may indicate that fine to medium silt particles establish

Figure 8. DEM-based map (SRTM 30; USGS 2022) showing re-
constructed near-surface wind trends for the Schwalbenberg site
and possible short distance entrainment areas for mineral dust. The
SSW–NNE wind trend estimates are only based on AMS measure-
ments of loess samples (beige rose diagram), which passed the as-
sessment protocol for primary magnetic fabric (see Fig. 4) that is
described in Sects. 3.3 and S1. For AMS stereoplots and rose dia-
grams please see Fig. 5.

the AMS signal within these interstadials, possibly owing to
the continuous accumulation of dust during soil formation re-
sulting in accretionary palaeosols (Fischer et al., 2021; Vin-
nepand et al., 2022). To our knowledge, such a clear corre-
lation between finer grain sizes and increasing foliation has
been so far not described in any LPS on stadial–interstadial
scales (cf. Bradák et al., 2021). However, Zhang et al. (2010)
proposed a model in which more frequent summer precipi-
tation during relative mild climatic periods (interglacials and
interstadials) led to an improved settling of anisotropic grains
(e.g. micas and clay minerals), causing the overall increased
AMS foliation. In contrast, most loess units throughout RP1
and weakly developed Gelic Gleysols in the upper section
(SUs 15, 17, 20) show a positive linear relationship between
F and the U ratio, indicating that coarse silt particles play a
major role for the AMS signal in these units that were related
to gustier winds and input of short-travelled dust.

5.3 Palaeoenvironmental and palaeoclimatic
implications

Millennial- to centennial-scale synchronicity between the
Schwalbenberg LPSs and the NGRIP δ18O record was pro-
posed based on litho- and pedostratigraphic evidence com-
bined with organic carbon contents (Fischer et al., 2021),
further attested by radiocarbon dating and a quantitative
climate reconstruction based on the investigation of ECGs
(Prud’homme et al., 2022). Here we observe very largely
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synchronous patterns between NGRIP δ18O and Ca2+ and
the Schwalbenberg sedimentological proxies (U ratio, finest
clay), further supporting the close synchronicity of west-
ern European and North Atlantic climate changes. In ad-
dition, we present proxy data allowing for further charac-
terization of the dust deposited within the Schwalbenberg
LPSs and comprehensive palaeoenvironmental reconstruc-
tions based on magnetic fabric, environmental magnetism,
bulk geochemistry, and isotope composition.

The lower section of the Schwalbenberg RP1 profile cov-
ers in high resolution the period from the end of GS 9 (con-
temporary with Heinrich Stadial 4) to the end of GS 5.2
(Fig. 6). In the wider region this period is characterized
by a distinct opening of the landscape as suggested by a
landscape evolution model of the Eifel area that is based
on multi-method approaches applied to ELSA (Sirocko et
al., 2016). This model documents the transition from boreal
forested environments (landscape evolution zone (LEZ) 7,
onset∼ 49 years b2k) to steppe-like open environments (LEZ
6, ∼ 36.4–28.45 years b2k), which is interpreted as the envi-
ronmental reaction due to a longer cooling trend accompa-
nied by increased aridity in the Rhenish Massif at roughly
the time of the OIS 3 to OIS 2 transition. At Schwalben-
berg this cooling trend is, on the one hand, reflected in de-
creasing intensities of soil formation from the lower soil
complex (SUs 2–6, covering GI 8 and 7) towards the Cal-
caric Cambisol correlated to GI 6 (SU 8) and the Gelic
Gleysol correlated to GI 5 (SU 11) (cf. Vinnepand et al.,
2020; Fischer et al., 2021). On the other hand, overall in-
creasing U ratio values and the reduction of fine magnetic
particles as indicated by decreasing MSfd values point to-
wards an enhancement of wind activity and increasing dry-
ness simultaneously with reduced sediment recycling until
mid-GS 5.2 at∼ 31 500 cal BP. The latter is also supported by
reduced weathering intensity following GI 7, as evidenced in
a slightly increasing log Sr/Rb ratio accompanied by a dis-
tinct decrease in 87Sr/86Sr and an increase in εNd. This can
be interpreted in terms of an enhanced input of dust that car-
ries an isotope signal comparable to that of the Rhine’s sus-
pended load (Fig. 7b). This trend coincides with distinct arid-
ification, climate cooling, and grain coarsening observed in
some LPSs along the Rhine during late OIS 3 (Prud’homme
et al., 2018; Vinnepand et al., 2020) and might be related
to intensified periglacial conditions in the local silt sources
and enhanced glacial grinding activity and sediment avail-
ability in front of the advancing Alpine ice sheet and the
Rhine Glacier in particular (Ivy-Ochs et al., 2008).

For the interstadial periods we are able to reconstruct re-
duced but still pronounced dust deposition at the Schwalben-
berg LPSs (Fischer et al., 2021; Prud’homme et al., 2022).
Vegetation cover and moister conditions as suggested by
Prud’homme et al. (2022) especially for GIs 8–6 for Schwal-
benberg favour (reduced) dust deposition rather than its en-
trainment (see Újvári et al., 2016). In addition, intensified
syn-sedimentary soil formation in interstadials, especially

during GI 8 and GI 7, leads to the production of clay minerals
in the course of silicate weathering, hampering the entrain-
ment of particles due to strong cohesion and adhesion forces
(cf. Újvári et al., 2016). As discussed before, we observed
an inverse correlation of the U ratio and the AMS foliation
but a positive correlation of the finest clay and the foliation
within the Calcaric Cambisols of the lower section of RP1
(see Sect. S1). This could point, beside secondary grain size
reduction in the course of pedogenesis, to an input of finer-
grained (potentially long-distant) aeolian material during in-
terstadials, which might be also visible in described shifts in
εNd (see Sect. 5.2).

At Schwalbenberg we observe a further distinct shift
around 31 500 cal BP associated with increased wind activity
and in particular significantly enhanced sediment recycling
reflected by a distinct shift in MSfd and a potential prove-
nance shift indicated by log Ti/Al (Fig. 6). On a regional
scale, the same period is characterized by increased flood
activity in the Eifel area (Sirocko et al., 2016) possibly re-
lated to enhanced seasonal landscape instability caused by
a reduced vegetation cover and associated sediment reloca-
tion. On a supra-regional scale, the advancing Fennoscandian
(FIS) and British–Irish ice sheets (BIIS) correlating with the
onset of the LGM (Lambeck et al., 2014), with some moder-
ate ice marginal retreats during HS3 (Toucanne et al., 2015),
and the further advancing Rhine Glacier (Ivy-Ochs et al.,
2008) played an important role in dust production and circu-
lation patterns in western, central, and eastern Europe (Schaf-
fernicht et al., 2020). Simultaneously, a significant increase
in the sedimentation rate occurred at Nussloch (Prud’homme
et al., 2022), whereas in northern France the first genuine
loess unit originates only from the following stadial GS 5.1
(Antoine et al., 2014). Associated with overall cooler and
drier conditions over western and central Europe during the
LGM, evidence is provided for cyclones that were capable of
triggering enhanced dustiness related to higher wind speeds
(Pinto and Ludwig, 2020). This is in agreement with the as-
sumption of strong NW winds especially between 34 and
17 ka, resulting in local input of coarse aeolian material, high
sedimentation rates, and the SE-trending “greda” morphol-
ogy at Nussloch (Antoine et al., 2009).

At Schwalbenberg RP1, however, on top of the distinct un-
conformity that is related to local channel formation and sed-
iment relocation, which may have reworked and included the
Eltville tephra (Fischer et al., 2021), different proxies pin-
point environmental conditions that were significantly differ-
ent from the preceding ones that were most likely dominated
by local to regional signals.

Sediment relocation reflected within SU 13 was followed
by reduced wind activity, input of finer-grained sediments,
and reduced sedimentation rates until ∼ 22 900 cal BP,
roughly coinciding with the later part of LEZ 5 in the Eifel
area that represents the transition from steppe to tundra-like
environments (Sirocko et al., 2016).
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After 22 900 cal BP, the sedimentation rate and U ratio
reach the highest values throughout the entire RP1 profile,
indicating increased dustiness but also potential sediment re-
working processes. Enhanced dustiness is, however, also re-
flected in the REM 3 LPS (cf. Fischer et al., 2021; Fig. 3)
and the ELSA dust probability (Fig. 6) associated with the
development of the polar desert of LEZ 4 in the Eifel area
(Sirocko et al., 2016) but is decoupled from NGRIP Ca2+,
which shows a clear minimum after 23 300 BP.

Further evidence for local to regional dust transport is pro-
vided by heavy mineral analyses of the Dehner Maar, where
increased dust activity and a shift from predominantly west-
erly to strong easterly winds is reported for the period from
23 until 20 ka (Römer et al., 2016). In this context, the AMS-
based reconstruction of near-surface wind trends at Schwal-
benberg RP1 may point to periods with significant north-
easterly winds during overall dominating western wind di-
rections (Prud’homme et al., 2022). This would be in agree-
ment with dust-cycle simulations for the LGM, showing that
beside westerlies and embedded cyclones persistent easter-
lies associated with anticyclonic flow may have also played
a significant role for dust deposition. These would have re-
sulted in westward-running dust plumes and associated high
dust accumulation rates in the North German plain including
adjacent regions (Pinto and Ludwig, 2020; Schaffernicht et
al., 2020).

6 Conclusions

We present an integrative approach that systematically com-
bines physical and geochemical proxies, enabling a synthetic
interpretation of LPS formation in western central Europe.
We focus on the Schwalbenberg RP1 LPS that is exposed
north-west of the confluence of the Ahr and Rhine rivers in
the centre of the Rhenish Massif. We integrate our data into a
robust and reliable age model that has been established based
on high-resolution dating of ECGs. We show that Schwal-
benberg RP1 is subdivided into a lower section and an upper
section that are separated by a major stratigraphic unconfor-
mity. Whereas the lower section corresponds to late OIS 3
(∼ 39 200–30 800 cal BP; end of GS 9 until GS 5.2), the up-
per section dates into the LGM (∼ 24 300–21 900 cal BP; end
of GS 3 until GS 2.1).

In general, we could confirm the assumption of syn-
sedimentary soil formation during interstadials, give evi-
dence for provenance changes with overall dominating local
to regional dust sources, and confirm the close temporal link-
ages to other climate archives in the North Atlantic region,
which we have highlighted in earlier studies.

Based on our synthetic approach we can draw the follow-
ing, more specific conclusions:

– In combination with the established age model, the sed-
imentological proxies of the lower section at Schwal-
benberg RP1 attest to – to a certain degree – simi-

lar and largely synchronous patterns of northern hemi-
spheric climatic changes as evidenced in NGRIP δ18O
and Ca2+, supporting the overall synchronicity of cli-
matic changes in and around the North Atlantic region.

– A significant negative relationship between the AMS fo-
liation and the U ratio found in interstadial palaeosols
and intercalated stadial loess layers, respectively, may
indicate that fine to medium silt particles increase the
foliation. This could possibly reflect the continuous ac-
cumulation of fine dust during soil formation and the si-
multaneous increase in precipitation, causing improved
alignment of sediment grains into the bedding plain. To
our knowledge, such a clear correlation between finer
grain size and increasing foliation has so far not been
described for any LPS for stadial–interstadial cycles,
i.e. on millennial to centennial timescales.

– A distinct shift towards increased input of “Rhine dust”
and reduced weathering intensity occurs simultaneously
with an overall cooling and aridification trend in Europe
towards the end of OIS 3.

– A further distinct shift visible in all proxy data around
31 500 cal BP, interpreted in terms of enhanced wind ac-
tivity with significant input of coarse-grained material
recycled from local sources, is possibly related to in-
creased landscape instability when tundra-like condi-
tions – probably associated with deep seasonal or even
permafrost – developed towards the LGM.

– The proxies within the upper section pinpoint environ-
mental conditions that were significantly different from
those in the lower section, which were most likely dom-
inated by more local to regional signals and high sedi-
mentation rates.

– AMS-based reconstructions of near-surface wind trends
may indicate the influence of north-easterly winds be-
side the overall dominance of westerlies and embedded
cyclones, causing high dust accumulation rates.

Overall, by integrating our approach in the study of LPSs
over a broader geographic area, we see the opportunity for
a more comprehensive understanding of LPS formation in-
cluding changes in dust composition and associated circula-
tion patterns during Quaternary climate changes.
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1 The vDEUQUA2021 online conference

The global Covid-19 pandemic, which began in 2020 and did
not abate until 2022, had not only a major impact on the lives
of millions of people, but also a noticeable impact on science
(Jack and Glover, 2021; Schadeberg et al., 2022). In this con-
text, as with numerous other conferences, the regular meet-
ing of the German Quaternary Association (DEUQUA) had
to be postponed from 2020 to 2022, so in early 2021 the fol-
lowing question arose: “do we want to live for 4 years with-
out intensive exchange on Quaternary science issues?” To fill
this gap, a team of eight Quaternary scientists at different ca-
reer stages from different research institutions organized the
virtual “vDEUQUA2021” meeting from 29 to 30 Septem-
ber 2021. Supported by DEUQUA and the scientific plat-
form Sciencesconf as well as the University of Würzburg,
it was possible to organize this meeting via the online plat-
forms Gather and Zoom. The online format limited classical
face-to-face exchange but at the same time enabled an un-
precedented international DEUQUA conference with more
than 180 participants from 21 countries, with a share of more
than 50 % early-career scientists. This led to intensive ex-
change and networking within a much broader Quaternary
community than at previous on-site DEUQUA meetings.

The very interdisciplinary conference program and the
high number of contributions impressively demonstrated the

strong interest in Quaternary science and the high demand
for scientific exchange despite – or especially because of –
the exceptional pandemic situation. This may be explained
by (i) the key role that Quaternary science plays in deter-
mining the pre-industrial background of the dramatic cur-
rent climatic, geomorphological and geoecological changes
due to strongly increased human activity (“the past is the
key to the future”; Woodroffe and Murray-Wallace, 2012;
McCaroll, 2015) and (ii) the rapid methodical developments
within this field that are permanently expanding the possibil-
ities of approaching climate and environmental archives in
novel ways, as well as of addressing new research questions,
requiring intensive and rapid scientific exchange and feed-
back (Banerji et al., 2022; Britton et al., 2022). Accordingly,
these recent developments are also reflected in the 12 articles
of this conference volume, which deal with pre-industrial cli-
matic, geomorphological and geoecological changes as well
as with methodological developments.

2 The contributions to this volume

Vinnepand et al. (2023) study paleoenvironmental changes
at the Schwalbenberg RP1 loess–paleosol sequence in the
Middle Rhine Valley in Germany between ∼ 40 and 22 ka
using a multi-method approach. Their results confirm the as-
sumption of synsedimentary soil formation during interstadi-
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als, show loess provenance changes with overall dominating
local to regional dust sources and confirm the close tempo-
ral linkages of their proxies to those in other paleoclimate
archives in the North Atlantic region.

Tinapp et al. (2023) report on valley development of the
Elbe Valley near Dresden during the last ∼ 15 kyr. Their
study links sedimentation, soil formation and archeology
in the area. Sedimentologically, they find that a Preboreal
clayey sedimentation phase is followed by two fine sandy
sedimentation phases before Holocene clayey sedimentation
occurs. Of particular interest is the finding that during a
longer period between the Atlantic and Subboreal the Lower
Weichsel Terrace was used for settlement by the Linear Pot-
tery culture. Thereafter flooding led to sparser (Bronze Age)
or absent settlements on the lower terrace.

Pötter et al. (2023) reconstruct a wetland environment for
a late Middle to Upper Pleniglacial (approx. 30–20 ka) loess
sequence in western Germany. They find that the investi-
gated section was influenced by periodical flooding, leading
to marshy conditions and a stressed ecosystem. Overall, the
results show that the landscape of the study area was much
more fragmented during this time than previously thought.

Hardt et al. (2023) investigate the geomorphological and
geological characteristics of the archeological sites Hawelti–
Melazo and their surroundings in northern Ethiopia by per-
forming sedimentological analyses, as well as direct (lumi-
nescence) and indirect (radiocarbon) sediment dating. They
were able to reconstruct the paleoenvironmental conditions
in the late Quaternary, which they integrated into the wider
context of Tigray.

Schwahn et al. (2023) investigate the loess sequence of
Köndringen in the Upper Rhine Graben using a multi-method
approach including the measurement of color, grain size, or-
ganic matter and carbonate content. The analyses reveal that
the sequence comprises several fossil soils and layers of re-
worked soil material. According to luminescence dating, it
reaches back more than 500 000 years.

Ullmann et al. (2022) highlight the application of a freely
available tool for Google Earth Engine. The software allows
cloud-free satellite images to be processed. They show pro-
cessing examples for the Nile Delta (Egypt) and how remote
sensing images are used to find indications of buried land-
forms, such as former river branches of the Nile.

Liu et al. (2022) present an isotope geochemical study on
mammoth tooth enamel from the Upper Rhine Graben. Their
work is both methodological and applied. While method-
ological aspects of obtaining ideal samples are discussed,
their study also reports high-resolution paleoenvironmental
records of likely sub-seasonal resolution.

Engel et al. (2022) investigate the late-glacial Bergstraßen-
neckar, a former course of the Neckar River in the Upper
Rhine Graben in southwest Germany, by sediment cores and
geophysical measurements. They were able to reconstruct the
shift from a running river to silting-up meanders that took
place about 11 000 to 10 500 years ago.

Abdulkarim et al. (2022) analyze the patterns and prove-
nance of paleochannels in the French Upper Rhine alluvial
plain. They find at least five paleochannel groups which
can be distinguished. Assessing their timing and sedimen-
tology will shed further light on the paleochannel evolution
of the area.

Schulze et al. (2022) study a Late Weichselian loess–
paleosol sequence in the southern Upper Rhine Graben in
southwestern Germany using a multi-method approach. They
found drier conditions in the southern compared with the
northern Upper Rhine Graben, and they confirm an earlier
start of massive loess accumulation compared with the ar-
rival of glaciers in the foreland of the Alps.

Kirchner et al. (2022) evaluate recent soil agro-potential
and search for evidence of prehistoric and historic land use
by applying a pedo-geomorphological approach in the sur-
roundings of Munigua, a small Roman city in the ancient
province of Hispania Baetica (SW Spain). The available ev-
idence of Roman agricultural use in the Munigua area sug-
gests that the city’s economy was by no means solely focused
on mining.

Labahn et al. (2022) measure δ18O of plant-derived lipids
in a loess–paleosol sequence in Serbia over the last glacial–
interglacial cycle, a method that was recently proposed as a
paleoclimatic/paleohydrologic proxy. They obtained enough
bulk lipids for analysis, demonstrating the general applica-
bility of this method to loess–paleosol sequences. Further-
more, systematically higher values in paleosols compared
with loess layers were observed. However, short-term cli-
matic fluctuations could not be recognized, which requires
further research.
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Abstract: At the Last Glacial Maximum (LGM), the Rhine Glacier complex (Rhine and Linth glaciers) formed
large piedmont lobes extending north into the Swiss and German Alpine forelands. Numerous
overdeepened valleys there were formed by repeated glaciations. A characteristic of these overdeep-
ened valleys is their location close to the LGM ice margin, away from the Alps. Numerical models
of ice flow of the Rhine Glacier indicate a poor fit between the sliding distance, a proxy for glacial
erosion, and the location of these overdeepenings. Calculations of the hydraulic potential based on
the computed time-dependent ice surface elevations of the Rhine Glacier lobe obtained from a high-
resolution thermo-mechanically coupled Stokes flow model are used to estimate the location of sub-
glacial water drainage routes. Results indicate that the subglacial water discharge is high and focused
along glacial valleys and overdeepenings when water pressure is equal to the ice overburden pressure.
These conditions are necessary for subglacial water to remove basal sediments, expose fresh bedrock,
and favor further erosion by quarrying and abrasion. Knowledge of the location of paleo-subglacial
water drainage routes may be useful to understand patterns of subglacial erosion beneath paleo-ice
masses that do not otherwise relate to the sliding of ice. Comparison of the erosion pattern from sub-
glacial meltwater with those from quarrying and abrasion shows the importance of subglacial water
flow in the formation of distal overdeepenings in the Swiss lowlands.

Kurzfassung: Während des letzteiszeitlichen Maximums (LGM) kam es zur Bildung von grossen Vorlandloben des
Rheingletschersystems (Rhein- und Linthgletscher), die sich nordwärts in das Schweizer und deutsche
Alpenvorland erstreckten. Durch wiederholte Vergletscherungen wurden dort zahlreiche übertiefte
Täler ausgeschürft. Ein Merkmal dieser übertieften Tälern ist deren Lage in der Nähe des LGM-
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Eisrands weit weg von den Alpen. Jedoch zeigen numerische Modellierungen des Eisfliessens des
Rheingletschers eine schlechte Übereinstimmung der Gleitdistanz, Proxyindikator für glaziale Ero-
sion, mit der Lage dieser Übertiefungen. Deshalb werden Berechnungen des hydraulischen Potenzials
basierend auf zeitabhängigen Höhen der Eisoberfläche der Rheingletscherlobe, welche von einem
hoch aufgelösten thermo-mechanisch gekoppelten Modell für Stoke’sches Fliessen resultieren, be-
nutzt, um die Lage der Entwässerungsrouten unter dem Eis abzuschätzen. Die Resultate deuten da-
rauf hin, dass der subglaziale Wasserabfluss gross ist und entlang glazialen Tälern und Übertiefungen
geführt wird, wenn der Wasserdruck dem Eisüberlagerungsdruck entspricht. Dies sind notwendige Be-
dingungen, unter denen basale Sedimente wegtransportiert werden und frischer Fels freigelegt wird,
um weitere glaziale Erosion zu begünstigen. Somit ist die Kenntnis der Lage von subglazialen Paläo-
Entwässerungsrouten nützlich, um die Erosionsmuster unter Paläo-Gletschern zu verstehen, die nicht
mit der Gleitbewegung des Eises in Verbindung gebracht werden können. Ein Vergleich der durch
subglaziale Schmelzwässer erzeugten Erosionsmuster mit jenen, die durch direkte Gletschererosion
entstanden sind, zeigt die Wichtigkeit der subglazialen Schmelzwasserflüsse für die Entstehung von
Übertiefungen im alpenfernen Schweizer Vorland auf.

1 Introduction

At the Last Glacial Maximum (LGM), the Rhine Glacier
complex (Cohen et al., 2018), combining the Rhine and
Linth glaciers, descended well into the Swiss and German
Alpine forelands, forming two large piedmont lobes. The
Rhine Glacier lobe covered present-day Lake Constance
and land to the north in southern Germany, and the Linth
Glacier lobe advanced beyond the city of Zurich, Switzer-
land. Repeated glaciations since the Middle–Late Pleistocene
(Preusser et al., 2011; Ellwanger et al., 2011) have carved
numerous landforms in the Alps such as deep alpine val-
leys with prominent horns and ridges. In the forelands, the
passage of glaciers left numerous imprints on the landscape
such as terminal moraines, outwash deposits, and erratics
(e.g., Schlüchter, 1988, 2004; Keller and Krayss, 2005a;
Preusser et al., 2007; Beckenbach et al., 2014; Gaar et al.,
2019); drumlin fields (Kamleitner, 2022); tunnel valleys (Re-
ber and Schlunegger, 2016); and overdeepened valleys now
filled with sediments such as the Thur, the Glatt, and the
Aare valleys (e.g., Preusser et al., 2011; Dehnert et al., 2012;
Dürst Stucki and Schlunegger, 2013) or with water such as
Lake Constance and Lake Zurich. A surprising characteristic
of these overdeepenings along these valleys is their proxim-
ity to the terminal position of past glacial maxima in a re-
gion where one would expect that the erosive power of ice,
often associated with the rate of sliding at the base (e.g., Hal-
let, 1981; Humphrey and Raymond, 1994; MacGregor et al.,
2000; Koppes et al., 2015; Herman et al., 2015), would be
smaller in comparison to that of large alpine valleys where
ice fluxes and sliding speeds are higher. The existence of
these overdeepenings in a distal-foreland setting thus remains
puzzling.

Previous models of ice flow of the Rhine Glacier (Co-
hen and Jouvet, 2017; Haeberli et al., 2020; Fischer et al.,
2021; Seguinot and Delaney, 2021) indicate that the slid-

ing distance, a proxy for glacial erosion based on the time-
integrated sliding speed, or a power of it, during the advance
and retreat of the Rhine Glacier lobe into the foreland, does
not correlate well with the location of existing overdeepen-
ings (Fig. 1) owing to the short time period over which ice
covered these distal forelands. More recent work by Egholm
(2022) using a landscape evolution model indicates that the
formation of distal overdeepenings is possible if the rock
material is significantly weaker there than the material in
the Alpine massif. The model of Egholm (2022) used em-
pirical parametrizations of abrasion and quarrying (Ugelvig
et al., 2018) that were fitted against theoretical models (Hal-
let, 1981; Iverson, 2012). Egholm (2022)’s results, however,
were mostly obtained using a steady-state climate model in
which ice occupation time over the Swiss Alpine foreland
was artificially long, in contrast with the geomorphic record
for the Rhine Glacier (e.g., Keller and Krayss, 2005b) that
suggests a maximum extent lasting a couple of thousand of
years. This dilemma begs the question as to what other sub-
glacial glaciological process could have contributed to the
erosion of the northern Alpine forelands and the formation
of these distal overdeepenings.

Several authors have noted the importance of subglacial
water in glacial erosion (see review by Alley et al., 2019).
Erosion by quarrying (Hooke, 1981; Iverson, 1991; Alley
et al., 1999), whereby blocks of rock are plucked from the
glacier bed by the moving ice, depends on subglacial wa-
ter pressure fluctuations. Field experiments (Cohen et al.,
2006) and models of quarrying (Iverson, 1991, 2012; Hallet,
1996; Beaud et al., 2014; Ugelvig et al., 2018) have shown
a link between fluctuations in water pressure and the rate of
opening of pre-existing bedrock cracks and fractures. Fur-
thermore, large-scale investigations of the erosive power of
glaciers (Koppes et al., 2015) indicate that temperate basal
conditions, which imply the presence of subglacial water, are
indicative of higher erosion rates, particularly at middle to
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high latitudes where seasonal and diurnal temperature varia-
tions are high and thus increase the possibility of significant
water pressure fluctuations. Subglacial water is also key to
the removal of sediments eroded and deposited at the base of
glaciers (e.g., Hallet, 1996) that would otherwise blanket the
bedrock, preventing any erosion process from occurring (Al-
ley et al., 2019). Indeed, freeze-on conditions along the ad-
verse slope of overdeepenings inhibit subglacial water flow
and sediment removal, leading to decrease in erosion there
(e.g., Hooke, 1991; Alley et al., 2003; Werder, 2016). Thus,
subglacial water plays an important role in the erosive power
of glaciers.

Lacking a clear link between sliding ice (or motion) and
observed locations of overdeepenings in the Swiss Alpine
forelands underneath the paleo-Rhine Glacier and paleo-
Linth Glacier lobes, we seek to find whether subglacial water
drainage distribution under the paleo-Rhine Glacier complex
could help us understand the location of these overdeepen-
ings. Our approach uses the numerical ice-flow model de-
scribed in Cohen et al. (2018) but with a new climate signal
to drive the ice model and a finer horizontal discretization
to better resolve the ice flow. Calculated ice surface eleva-
tion, together with basal topography, allows us to compute
the hydraulic potential and hydraulic head and the associated
flow accumulation area during the course of advance and re-
treat of the Rhine Glacier around the LGM. Time integra-
tion of the flow accumulation area yields a metric for glacial
erosion by subglacial water to test against the positions of
observed overdeepenings. The underlying assumption in this
analysis is that larger values of the time-integrated flow accu-
mulation area indicate zones with significant subglacial wa-
ter flow, which, over seasonal and annual timescales, have
high potential for subglacial water fluxes that would enhance
sediment removal and increase glacial erosion. We then com-
pare patterns of relative erosion by quarrying, abrasion, and
subglacial water flow to show the importance of subglacial
water in the formation of distal overdeepenings in the Swiss
lowlands.

The remainder of this paper is divided into three parts.
Section 2 presents the methodology to compute the time-
integrated flow accumulation area and the erosion by quar-
rying, abrasion, and subglacial water; Sect. 3 discusses the
source of the data used for the computation; finally, Sect. 4
reports results and discusses them.

2 Methods

Subglacial water flow paths are calculated using the method
described in Chu et al. (2016) (see also Arnold et al., 1998;
Willis et al., 2012; Livingstone et al., 2013) and used in sev-
eral studies to estimate subglacial water drainage locations
in Greenland and Antarctica (e.g., Le Brocq et al., 2009;
see also references in Chu et al., 2016) and in paleo-ice
masses such as the Fennoscandian Ice Sheet (e.g., Shackleton

et al., 2018). More sophisticated models of subglacial hydrol-
ogy (e.g., GlaDS; Werder et al., 2013) coupled to ice-flow
models (e.g., Gagliardini and Werder, 2018, with Elmer/Ice)
are too computationally expensive to be applied to the long
timescales and the large complex topography of the paleo-
Rhine Glacier system.

Water flows down the hydraulic potential gradient, and the
water flux, Q, can be calculated as (Shreve, 1972)

Q=−k∇φ, (1)

where k is the hydraulic conductivity of the subglacial water
system and φ is the hydraulic potential, defined as

φ = ρwgZb+pw. (2)

Here ρw = 1000 kg m−3 is the density of water (constant),
g = 9.81 m s−2 is the acceleration due to gravity, Zb is the
elevation of the basal surface (glacier bed topography), and
pw is the water pressure. In glaciological applications, the
water pressure at the bottom of the ice is often not known.
In paleo-glaciological applications, no subglacial water pres-
sure data exist, so it is often not computed (e.g., Cohen et al.,
2018). Here we assume that the water pressure at the bed of
the glacier is a fraction of the ice overburden pressure; i.e.,

pw = f pi, (3)

where f is known as the flotation factor and

pi = ρi g H, (4)

with ρi = 917 kg m−3 being the ice density (constant) and H
the ice thickness (variable). Substituting Eqs. (3) and (4) into
Eq. (2) yields

φ = ρwgZb+ f ρi g H, (5)

where the hydraulic potential now only depends on the basal
surface topography and the ice thickness. As an alternative
we can use the hydraulic head, h, defined as

h= Zb+ f
ρi

ρw
H. (6)

The value of the flotation factor f depends on the basal water
pressure. When water pressure equals ice overburden pres-
sure, f = 1. Values greater than 1 are observed during times
of intense surface melt that bring water through crevasses and
moulins directly to the bed of the glacier (Meierbachtol et al.,
2013; Wright et al., 2016). Since our ice-flow model (Cohen
et al., 2018) does not simulate subglacial water pressures and
given the uncertainties in both the basal surface during the
last glacial cycle and estimates of the ice surface, we assume
spatially fixed values of f over the entire glacier system and
compute the hydraulic potential for three cases – f = 0.6,
f = 1, and f = 1.1 – to study the effects of water pressure
on subglacial water drainage paths. Low values of f imply
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Figure 1. Map of (a) sliding speed and (b) sliding distance calculated by integrating the sliding speed over the advance and the retreat of
the Rhine Glacier system during the last glacial cycle (see Cohen, 2017; Cohen and Jouvet, 2017; and Cohen et al., 2018, for details). The
location of overdeepenings is indicated in orange. Reproduced from Fischer et al. (2021).

that basal topography dominates, while higher values empha-
size the ice surface topography (see Eq. 6).

The subglacial water drainage paths can be obtained by
computing the upstream accumulation area at each of the
cells of the raster of the hydraulic head (Flowers and Clarke,
1999; Fischer et al., 2005; Chu et al., 2016; Pitcher et al.,
2016) using the D∞ algorithm of Tarboton (1997) to com-
pute flow directions. Water drainage flow paths are continu-
ous paths with high values of upstream accumulation areas.

On the long timescales over which erosion occurs (on the
order of thousands of years), the ice thickness (H in Eq. 6)
evolves with advances and retreats of the glacier. To include
these transient effects, we compute the subglacial water flow
paths at each available time step for the ice surface (every
10 years) and integrate the computed upstream accumulation
area over time to obtain a time-integrated view of subglacial
water drainage paths.

Estimates of erosion by subglacial water flow are calcu-
lated using the method of Kirkham et al. (2022) based on a
model of subglacial channel erosion by Carter et al. (2017).
Here we only compute the erosive component (see Kirkham
et al., 2022, Eq. 3),

Ės =K1

(
νs

αcc

)(
max(τcc− τk,0)
g (ρs− ρw)D15

)3/2

, (7)

where

τcc = 0.125fcc ρw u
2
c, (8)

τk = 0.025D15 g (ρs− ρw), (9)

νs =D
2
15

(ρs− ρw)g
9µw

. (10)

Here τcc is the channel shear stress, τk is the critical shear
stress, νs is the mean sediment velocity, uc is the water ve-
locity in the channel, fcc = 0.07 m−2/3 s−2 denotes the chan-
nel roughness parameters, ρs = 2600 kg m−3 is the solid den-
sity of sediment grains, D15 = 0.1 mm is the 15th-percentile
grain size, and µw = 1.78× 10−3 Pa s is the viscosity of wa-
ter. The water flow velocity in the channel, uc, is computed
from the flow accumulation area weighted by the available
meltwater at each cell, which is estimated by summing the
surface melt rate and the basal melt rate. The meltwater is
then scaled by multiplying it by the grid cell area divided by
the cross-sectional area of the channel, assumed to be 30 m
wide and 2 m deep, to obtain the channel water velocity. Al-
though changing the channel size would affect the relation-
ship between τcc and τk and thus where erosion occurs, it
does not affect the overall results of erosion patterns as our
calculations are meant to only look at erosion patterns and
not calculate erosion magnitudes. The surface melt rate is
calculated in the ablation area of the glacier and is propor-
tional to the number of positive degree days (PDDs) (Hock,
2003). It is assumed to be zero in the accumulation area.
The basal melt rate is computed from the geothermal heat
flux map of Medici and Rybach (1995). Frictional heat gen-
erated by ice sliding over the substrate is an order of mag-
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nitude smaller than either surface or basal melt and is thus
neglected.

To compare patterns of subglacial erosion due to ice
motion, we also estimate erosion by quarrying, Ėq, and
abrasion, Ėa, given, respectively, by (see Ugelvig et al.,
2016, 2018)

Ėq =Kq p
3
evs, (11)

Ėa =Ka v
2
s , (12)

where pe = pw−pi is the effective pressure, vs is the glacier
sliding speed, and Kq and Ka are constants.

All erosion rates are time-integrated to yield a total ero-
sion over the course of the advance and retreat of the glacier
during the LGM. Because of uncertainties in model and pa-
rameter values, a direct comparison between quarrying, abra-
sion, and subglacial meltwater erosion is not possible. In-
stead, these quantities are used to look at relative patterns of
erosion by normalizing them. This makes the exact values of
the parameters K1 (Eq. 7) and Kq and Ka (Eqs. 11 and 12,
respectively) irrelevant.

3 Data

Only two surfaces are required to compute the hydraulic po-
tential and subglacial water flow paths: the basal surface (Zb
in Eq. 6) and the ice surface from which the ice thickness,
H , can be obtained (see Eq. 6). The ice surface is com-
puted from ice-flow simulations of the paleo-Rhine Glacier
complex around the LGM using Elmer/Ice, an open-source,
finite-element multi-physics Fortran code (Gagliardini et al.,
2013; Ruokolainen et al., 2020). Elmer/Ice computes the
transient three-dimensional ice velocities, temperatures, and
pressures as well as the elevation of the ice surface based
on fully coupled thermo-mechanical equations by solving the
non-linear Stokes flow equation together with the heat equa-
tion and the mass balance equation at the ice surface (see
Cohen et al., 2018, for details). The mass balance is based
on the positive-degree-day model (Hock, 2003) that com-
putes ice melt as a function of air temperature. PDDs are
computed using the method of Calov and Greve (2005) over
month-long intervals using factors of 8 and 3 mm ◦C−1 d−1

for ice and snow, respectively. Air temperature and precip-
itation are obtained by linear interpolation using a glacial-
index (GI) approach (Sutter et al., 2019) between LGM and
pre-industrial (PI) climate states. The GI follows the δ18O
signal of the Antarctica EPICA ice core (Jouzel et al., 2007),
rescaled to between 0 (no ice, PI) and 1 (maximum ice vol-
ume at the LGM). The LGM climate state provides 2 km res-
olution maps of the temperature and precipitation over the
entire Alps computed from a regional climate model by dy-
namical downscaling of a global Earth system model (see
details in Velasquez et al., 2020, 2022; Russo et al., 2022;
Buzan et al., 2023).

Figure 2. Basal topography with outline of overdeepened basins in
black and extent of ice at the LGM with orange circles (Ehlers and
Gibbard, 2008).

3.1 Basal surface

The basal surface is the present-day topography minus the
computed ice thickness of major present-day glaciers using
the model of Farinotti et al. (2019). It remains unchanged
during the ice-flow simulation. Figure 2 shows the basal to-
pography used in the model simulation.

3.2 Ice surface

The ice surface evolves with time during the advance of the
Rhine Glacier towards its maximum LGM position and dur-
ing its retreat. Figure 3 shows three ice surface elevations at
27 ka, at 22.9 ka (LGM), and at 14.2 ka. Ice surface elevations
are available every 10 years from 27 to 14.2 ka.

3.3 Calculation of hydraulic potential and flow
accumulation area

The hydraulic potential is first calculated on the unstructured
triangular mesh of the Elmer/Ice finite-element model at ev-
ery time step (every 10 years). Resolution in the mesh ranges
from 800 to 1100 m, with increased resolution in areas of
steeper slope gradients. The nodal values of the hydraulic
potential are then linearly interpolated to a uniform raster
at a resolution of 500 m. The calculation of the flow accu-
mulation area is performed on the hydraulic potential using
the open toolbox SAGA (System for Automated Geoscien-
tific Analyses; Conrad et al., 2015) and summed over time to
compute the time-integrated values.
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Figure 3. Ice surface elevation in blue at (a) 27 ka (start of simula-
tion), (b) 22.9 ka (LGM), and (c) 14.2 ka (end of simulation). LGM
ice extent is shown with orange circles (Ehlers and Gibbard, 2008).

4 Results and discussion

Figure 4 shows the subglacial water drainage routes based
on the flow accumulation area of the hydraulic potential (or
hydraulic head) at three different times for flotation values of
f = 0.6 (Fig. 4, left panels), f = 1.0 (Fig. 4, center panels),
and f = 1.1 (Fig. 4, right panels).

The flow accumulation area can be understood as a proxy
for subglacial water flux that passes through a specific
drainage channel because water flux to the glacier is an in-
creasing function of the upstream flow accumulation area.

When f = 0.6 (Fig. 4, left panels), subglacial water
drainages are mostly concentrated in the Alpine Rhein Val-
ley in the Alps, in Lake Constance, and along major val-
leys in the forelands such as the drainage of Lake Zurich.
Drainages are constrained by basal topography, following
valley morphology. Lake Constance (a zone of constant el-
evation), where the Alpine Rhein Glacier flows, concentrates
a significant flux of subglacial water according to the model.
Water exits the Rhine Glacier lobe to the north via existing
valleys in the German Alpine foreland, following the Über-
lingen branch of present-day Lake Constance. In the Swiss
Alpine foreland, water drains out of Lake Constance via the
Untersee and also by connecting to the Thur Valley, which
coincides with an overdeepening there. In the Linth Glacier
lobe, subglacial water also flows along Lake Zurich and the
Limmat and Glatt valleys, where two overdeepenings are lo-
cated (Preusser et al., 2010; Buechi et al., 2018). The Reuss
and Aare overdeepenings are also pathways for subglacial
water drainages further to the west. The drainage pattern does
not change significantly with time (see Fig. 4a, c, e) except
at t = 14.2 ka when the ice has retreated halfway out of Lake
Constance and completely out of the distal overdeepenings
in the Swiss forelands.

The drainage pattern is significantly different when f =
1.0 (Fig. 4, center panels), equivalent to zero effective pres-
sure at the base. Water now drains out of the Lake Constance
basin to the north in many concentrated flow channels, such
as the Schussen Valley, against an adverse bedrock slope (see
basal topography in Fig. 2) and where a few overdeepenings
have been noted (Ellwanger et al., 2011). Subglacial flow is
also more important along many valleys in the foreland, both
in the Rhine Glacier (e.g., Thur) and in the Linth Glacier
(e.g., Reuss) lobes. Because of higher water pressure, the
hydraulic potential gradient conforms less to the basal (or
bed) topography, and subglacial water moves more along the
gradient determined by the slope of the glacier surface; sub-
glacial water paths no longer follow topographic lows.

At a yet higher flotation value (f = 1.1, Fig. 4, right pan-
els), when water pressure exceeds ice overburden pressure,
subglacial drainages out of the Alpine Rhine are also di-
verted to the north across Lake Constance and then ascend-
ing the bedrock slope north of it. Water drainage, however,
occurs over many more subglacial channels that fan out radi-
ally from the Lake Constance basin. Because of the high wa-
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Figure 4. The log10 of computed flow accumulation area (in m2) in blue at three different times – (a, b, c) 27 ka, (d, e, f) 22.9 ka (LGM), and
(g, h, i) 14.2 ka – based on the hydraulic potential for a flotation factor of (a, d, g) f = 0.6, (b, e, h) f = 1.0, and (c, f, i) f = 1.1. Hillshade
topography and ice thickness in red shades at the times indicated are shown in the background. Actual LGM ice extent is shown with orange
circles. Modeled ice extent is shown with a brown line. Black outlines indicate locations of overdeepenings.

ter pressures, drainages are no longer constrained by basal
topography and can move from one valley to the next over
topographic high points such as from the Thur to the Lower
Rhine overdeepenings out of the Untersee. High flotation
values cause water drainage paths to cut across valleys and
overdeepenings, such as, for example, in the Thur Valley, in
the Rhine Glacier lobe, and in the Reuss and Linth lobes. In
the Alps, water drainage paths are no longer constrained to
the valley centers but meander on the sides of the valley and
along the valley walls (contrast Fig. 4d and f), even cutting
across mountain ranges during retreat (see Fig. 4i).

Basal conditions where the value of flotation is equal to 1
or greater are unlikely to occur over the entire glacier basal
surface and for significant lengths of time. High basal water
pressure arising from increased surface melting would pro-
mote the development of an efficient drainage system that

would tend to reduce basal water pressure (e.g., Bartholo-
maus et al., 2008; Sundal et al., 2011; Andrews et al., 2014).
These basal conditions, despite their limited duration, could
have the potential to produce significant changes in the
basal geomorphology, for example, because of substantial in-
creases in the capacity of subglacial water streams to trans-
port sediments and in their ability to further erode bedrock
by processes of abrasion and quarrying associated with both
larger fluctuations in basal water pressure and increased basal
sliding speed (e.g., van de Wal et al., 2008; Schoof, 2010;
Bartholomew et al., 2010; Hewitt, 2013).

The time integration of subglacial water flow paths over
the 12.8 kyr of the simulation covering advance and retreat
of the Rhine Glacier around the LGM is shown in Fig. 5 for
the three values of flotation: f = 0.6, 1, and 1.1.
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Figure 5. The log10 of the time-integrated flow accumulation area
(in m2) over 12.8 kyr (in blue) for (a) f = 0.6, (b) f = 1, and f =
1.1 with hillshade topography and ice thickness at the LGM (red
colors) in the background. LGM ice extent is shown with orange
circles. Model ice extent is shown with a brown line. Black outlines
indicate location of overdeepenings.

Clear differences exist between a moderate flotation value
(f = 0.6) and flotation values with zero effective pressure
(f = 1) or where water pressure exceeds ice overburden
pressure (f = 1.1). Although high water pressures in ex-
cess of hydrostatic pressure have been noted in both Alpine
(e.g., Flowers and Clarke, 1999) and Greenland (e.g., Ban-
well et al., 2013; Lindbäck et al., 2015) settings and may
be occurring in overdeepenings (Lawson et al., 1998), they
may not be representative of long-timescale average values in
large areas of the Rhine Glacier lobe. Subglacial water flow
drainages with high water pressure bypass some topographic
relief, producing near-straight channels that cut across relief,
such as in the northern part of the Rhine Glacier lobe. These
high-water-pressure subglacial drainage paths also cut across
overdeepenings in the Thur, Glatt, and Limmat overdeepen-
ings in the Rhine Glacier and Linth Glacier lobes. A value
of f equal to unity yields the closest match with the ac-
tual mapping of overdeepenings, although many overdeep-
enings are also well matched for f = 0.6, particularly in the
Linth Glacier lobe and the lower Thur Valley. Overdeep-
ened regions north of Lake Constance require higher flotation
values to be occupied by a subglacial water drainage path.
When water pressure exceeds ice overburden pressure such
as when f = 1.1, subglacial drainages are too distributed and
no longer only conform to valleys, a situation that may oc-
cur during periods of significant melt (such as during retreat)
but is likely not representative of the situation over longer
timescales.

High values of the time-integrated flow accumulation area
represent drainage pathways with large fluxes of water. Many
of these high-discharge zones correspond to several loca-
tions of overdeepenings such as the Schussen, Thur, Lim-
mat, Reuss, and Aare overdeepened valleys. In the Aare Val-
ley, a tunnel valley system has been identified beneath the
city of Bern (Dürst Stucki and Schlunegger, 2013; Reber and
Schlunegger, 2016) with a branching pattern that resembles
the pattern observed in our simulation. The presence of this
tunnel valley system has been associated with an area of high
water pressure. Our simulation also indicates that a flota-
tion value of 1 is necessary for significant subglacial water
drainage to occur in this area.

Figure 6 shows patterns of erosion for quarrying, abrasion,
and subglacial water flow. All values of erosion have been
scaled to between 0 and 1 by dividing the computed values by
their respective maximum value. All erosion types have been
time-integrated over the course of the advance and retreat of
the ice during the LGM.

A clear difference in the erosion pattern emerges between
erosion due to ice motion (quarrying and abrasion) and ero-
sion due to subglacial meltwater flow. Erosion by ice mo-
tion is greatest at the base of alpine valleys where sliding is
fastest and where the ice occupation time is longest. Lim-
ited durations of ice cover and lower sliding speeds near the
margin limit erosion by ice motion there. Erosion by quarry-
ing (Fig. 6a) shows more variability in the Rhine, Linth, and
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Figure 6. Normalized erosion by (a) quarrying, (b) abrasion, and
(c) subglacial meltwater flow. Background shows hillshade topogra-
phy. LGM margin is shown with orange circles; modeled maximum
LGM extent is shown with a brown curve. Black curves indicate ar-
eas of overdeepenings. The red curve in (c) is the equilibrium line
at the LGM separating accumulation (south) from ablation (north)
in the Alps.

Reuss lobes owing to its cubic dependence on the ice thick-
ness via the effective pressure term (see Eq. 11). Any varia-
tion in ice thickness along or across overdeepenings ampli-
fies erosion by quarrying, resulting in a significant change in
the total amount of quarrying in these areas. In contrast, ero-
sion by abrasion (Fig. 6b), which only depends on the square
of the sliding speed (see Eq. 11), is more uniform in these
lobes. Erosion by subglacial meltwater flow (Fig. 6c) is sig-
nificantly different: it is almost entirely focused near the ice
margin, particularly to the northwest in the Reuss and Linth
lobes, the Thur Valley, and the Argen lobe (see Fig. 2). This
is due to the large available surface melt in these areas that
have larger ablation areas. This is visible by comparing, for
example, the position of the equilibrium line (Fig. 6c, red
line) to the LGM margin (Fig. 6c, brown line). In the north-
western lobes and in the northeastern part of the Rhine lobe,
the area for available surface meltwater is significantly larger
then in the main Rhine lobe, explaining why most erosion by
subglacial meltwater occurs preferentially there. Also, chan-
nel shear stress is more likely to exceed critical shear stress
in areas where subglacial channel velocity is higher (see uc
in Eq. 8), which occurs where more surface melt is avail-
able and thus increases the potential for erosion by subglacial
meltwater.

The different erosion patterns due to ice motion and sub-
glacial meltwater suggest that the existence of distal-foreland
overdeepenings in the Swiss lowlands is driven, at least in
part, by erosion by subglacial meltwater. Furthermore, high
water flux during high-water-pressure events along these val-
leys and the associated fluctuations in water pressure in the
channels could have increased the rate of glacial erosion by
quarrying (e.g., Cohen et al., 2006), a dependence that is not
included in the simple quarrying erosion law in Eq. (11).
This may have been further enhanced by pre-existing rock
weaknesses due, for example, to a higher density of joints
or faulting (e.g., Dühnforth et al., 2010; Hooyer et al., 2012)
such as is found in the Lake Constance area (Fabbri et al.,
2021). The patterns of subglacial water drainage paths com-
puted from numerical simulations of ice flow and ice surface
elevation indicate a possible link between the subglacial wa-
ter flux and the existence of overdeepenings. The location of
these overdeepenings suggests that these overdeepenings are
controlled, in part, by higher rock erodibility in these areas,
which, during glacial times, were preferentially excavated by
the combined effects of water and ice.

5 Conclusions

We present a model of subglacial water drainages underneath
the Rhine Glacier during the advance and retreat around the
LGM. The model is based on high-resolution ice surfaces
obtained from a numerical ice-flow model. The model com-
putes ice velocities and ice surface elevations using a thermo-
mechanical Stokes flow model coupled to a high-resolution

https://doi.org/10.5194/egqsj-72-189-2023 E&G Quaternary Sci. J., 72, 189–201, 2023



198 D. Cohen et al.: Subglacial hydrology of the Rhine Glacier at the LGM

regional climate model to give the most plausible represen-
tation of the Rhine Glacier during its advance and retreat
around the LGM. The hydraulic potential (or head) calcu-
lated from transient elevations of the ice surface together
with the basal topography yields a map of subglacial wa-
ter flux during the LGM. Results of the calculation show
that subglacial water drainage is strongly constrained by
topography for low values of water pressure (small flota-
tion factor), focusing water flow in valleys in the foreland.
When water pressure equals ice overburden pressure (flota-
tion value equal to 1), the subglacial drainages coincide with
regions of intense glacial erosion as observed by numerous
overdeepenings there. When water pressure exceeds ice over-
burden pressure and flotation is greater than 1, the pattern
of subglacial drainages changes to straighter channels that
bypass valleys, mountain ranges, and overdeepened basins.
This suggests that the maximum potential for glacial erosion
by subglacial water channels is obtained when water pressure
underneath the Rhine Glacier and Linth Glacier lobes were,
on average, close to the ice overburden pressure. These con-
ditions favor high water flow volumes and maximize the po-
tential for subglacial water fluctuations needed for enhanced
erosion by ice and water. Finally, comparison of the erosion
pattern from subglacial meltwater with those from quarrying
and abrasion shows the importance of subglacial water chan-
nels in the formation of distal overdeepenings in the Swiss
lowlands.
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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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Abstract: Anthropogenic activities have exerted strong influence on ecosystems worldwide, particularly since
1950 CE. The local impact of past human activities often started much earlier and deserves de-
tailed study. Here, we present an environmental record from a 278 cm long sedimentary core from
Lake Höglwörth (Bavaria, Germany). Sedimentological and geochemical parameters indicate that the
organic-rich bottom sediments of the record consist of peat that formed prior to 870+140

−160 CE, when
lake sediments started to accumulate. After 870+140

−160 CE, distinct shifts in lithology, elemental com-
position, and the biological record are visible and are interpreted to result from the construction of
a monastery on the lake peninsula in 1125 CE and/or the damming of the lake. From 1120± 120
to 1240+110

−120 CE, the lake environment was relatively stable. This period was followed by enhanced
deforestation that led to a more open landscape and soil erosion, visible in increased allochthonous
input from 1240+110

−120 to 1380+90
−110 CE. This was accompanied by high aquatic productivity and bottom

or interstitial water anoxia from 1310+100
−120 to 1470+90

−100 CE, possibly triggered by increased nutrient
availability. Enhanced allochthonous input and a substantial shift in the aquatic community can be
assigned to the construction of a flour mill and related rerouting of a small creek in 1701 CE. High
aquatic productivity and bottom or interstitial water anoxia after 1960± 10 CE correspond to recent
eutrophication resulting from accelerated local anthropogenic activities. The sedimentary record from
Lake Höglwörth exemplarily demonstrates that anthropogenic activities have had substantial environ-
mental impacts on aquatic environments during the past millennium.
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Kurzfassung: Anthropogene Aktivitäten haben insbesondere seit dem Jahr 1950 CE weltweit einen starken Ein-
fluss auf Ökosysteme. Jedoch hatten menschliche Aktivitäten oft schon viel früher Auswirkungen
auf Ökosysteme und verdienen eine detaillierte Untersuchung. Hier präsentieren wir sedimentolo-
gische, geochemische und paläontologische Ergebnisse eines 278 cm langen Sedimentbohrkerns aus
dem Höglwörther See (Bayern, Deutschland), der die letzten 1100 Jahre abdeckt. Sedimentologis-
che und geochemische Parameter deuten darauf hin, dass die unteren organikreichen Sedimente aus
Torf bestehen, der sich vor etwa 870+140

−160 CE bildete, bevor sich die Seesedimente ablagerten. Nach
870+140
−160 CE sind deutliche Änderungen in der Lithologie, der Elementkomposition und der biolo-

gischen Zusammensetzung zu erkennen, die auf den Bau des Klosters Höglwörth auf der Halbinsel
des Sees um 1125 CE und/oder eine Aufstauung des Sees zurückzuführen sind. Von 1120± 120 bis
1240+110

−120 CE war die Ökologie des Sees relativ stabil. Danach folgte eine verstärkte Entwaldung,
die zu einer offeneren Landschaft und stärkerer Bodenerosion führte, was durch erhöhten allochtho-
nen Eintrag von etwa 1240+110

−120 to 1380+90
−110 CE sichtbar ist. Dies führte zu einer hohen aquatischen

Produktivität und Anoxie des Hypolimnions von etwa 1310+100
−120 to 1470+90

−100 CE – möglicherweise
ausgelöst durch eine erhöhte Nährstoffverfügbarkeit. Der Bau einer Getreidemühle und die damit ver-
bundene Umleitung eines kleinen Baches im Jahr 1701 CE führten zu einem verstärkten allochthonen
Eintrag und einer erheblichen Veränderung der aquatischen Gesellschaft. Die hohe aquatische Produk-
tivität und die Anoxie des Hypolimnions nach 1960±10 CE zeigen die rezente Eutrophierung, die auf
verstärkte lokale anthropogene Aktivitäten zurückzuführen ist. Die Sedimente des Höglwörther Sees
zeigen somit beispielhaft, dass anthropogene Aktivitäten während des letzten Jahrtausends erhebliche
Auswirkungen auf aquatische Ökosysteme gehabt haben.

1 Introduction

Abrupt shifts in ecosystems all over the globe during the past
decades are related to human activities and are in stark con-
trast with ranges of the natural variability evident at least dur-
ing the Holocene (Steffen et al., 2015). To define this marked
shift in Earth’s environment, the term “Anthropocene” has
been suggested for a new geological era, which is proposed
to have started around 1950 CE and has prompted intense sci-
entific and societal debate (Waters and Turner, 2022; Crutzen
and Stoermer, 2021; Lewis and Maslin, 2015). However, the
onset of human impact often occurred much earlier, both
locally and regionally (Ruddiman et al., 2020; Waters et
al., 2016), and requires more detailed, local palaeoenviron-
mental studies.

Bavaria is a region significantly impacted by humans as
far back as the early medieval period (∼ 1000 CE) (Bauer
and Bauer, 1993) with increased settlements and agricul-
tural activities (Gilck and Poschlod, 2020; Klein Goldewijk
et al., 2011). The shift in land cultivation practices from sub-
sistence agriculture with livestock and crop production to
cattle grazing for meat and dairy production during the me-
dieval period led to the establishment of pastureland (En-
ters et al., 2008, 2006). This is documented in lacustrine
records as a decrease in tree pollen and an intensification
of soil erosion due to the widespread land use (Dotterweich,
2003). A significant decrease in population during the late
medieval period (from 1300 to 1450 CE) and beyond can be
attributed to military conflicts, epidemic plagues, and cooler

climate conditions associated with the Little Ice Age and led
to the abandonment of numerous villages and settlements
(Küster, 2020; Franz, 2019; Enters et al., 2006; Jäger, 1958).
These results are supported by findings of archeological ex-
cavations and historical documents from the region (Blei,
2011; Waldner, 1983). An increase in human impacts such
as nutrient loading, excessive use of fertilizers, and changes
in land use/land cover has led to a substantial alteration in
aquatic ecosystems, including the loss of biodiversity, eu-
trophication, and anoxia over the past few decades (Enters
et al., 2006; Alefs and Müller, 1999). Although these sig-
nificant human activities have been documented, it remains
unclear if and how the human activities during the past mil-
lennium impacted the natural ecosystem in the region. Also,
the available palaeoenvironmental records are mainly derived
from large lakes (Rösch et al., 2021; Schubert et al., 2020;
Lauterbach et al., 2011; Richard, 1996), which capture re-
gional signals and exhibit different environmental responses
compared to small lakes that record local signals (Adrian et
al., 2009; Enters et al., 2006).

Here, we present a study from Lake Höglwörth, a small,
eutrophic lake situated in south-eastern Bavaria, Germany
(Wasserwirtschaftsamt Traunstein, 2018). The lake has un-
dergone severe ecological alternation (algal production and
anoxia) over the past decades (Fam and Kerstin, 2018;
Wasserwirtschaftsamt Traunstein, 2018). A 278 cm long sed-
iment record from Lake Höglwörth was analysed using sedi-
mentological, geochemical, and biological methods. Specifi-
cally, our study aims to investigate (1) whether the recent al-
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gal production and anoxia in the lake did occur in the past and
(2) whether and how past human activities affected the litho-
logical, geochemical, and biological environment of Lake
Höglwörth over the past millennium.

2 Methodology

2.1 Site description

Lake Höglwörth (47.81◦ N, 12.84◦ E; 531 m above sea level;
Fig. 1) is a small (surface area 0.14 km2), irregularly shaped,
and eutrophic lake, located in a paraglacial meltwater chan-
nel that formed during the Last Glacial Maximum when the
Salzach Glacier forced drainage along its ice margin in a
north-western direction at the northern forelands of the Eu-
ropean Alps in south-eastern Bavaria, Germany. Postglacial
landslide and mudflow deposits of still unknown age (pre-
sumably during the Middle to Late Holocene) are present
north-west of the lake and are thought to be responsible for
blocking the valley and former damming of the lake as seen
in lidar imagery (Landesamt für Digitalisierung, 2022). To-
day, the lake has a maximum water depth of 6 m; has an av-
erage depth of 3.1 m (for a description of bathymetry, please
refer to the Supplement); and is fed by three small creeks, i.e.
Höglwörther Schornbach, Höglwörther Seebach, and Moos-
graben. Lake Höglwörth is drained by the Rauschbach. The
lake has a catchment area of 2.3 km2, and it is geologi-
cally characterized by deposits of the last glacial period and
patches of Cretaceous to Eocene bedrock (Glückert, 1974).
Cambisols and Luvisols are the most common catchment
soil types, whereas Stagnosols and Gleysols have developed
in the surrounding valleys (Landesamt für Digitalisierung,
2022).

On the peninsula of the lake, an Augustinian monastery is
located, constructed in 1125 CE (Brugger et al., 2008). On
the western side of the lake, a flour mill is situated, built in
1701 CE by diverting the Höglwörther Seebach into the lake
(Brugger et al., 2008); consequently the catchment of the
lake has enlarged since. The mill was torn down in 1922 CE.

At the meteorological station in Piding, ∼ 10 km south-
east of Lake Höglwörth, mean annual precipitation (1991 to
2020) is 1340 mm. Mean annual temperature is 9.2 ◦C, with
a temperature maximum during summer (June–July 18.5 ◦C)
and a temperature minimum during winter (January–
February −0.2 ◦C) (DWD Climate Data Center, 2020).

2.2 Sediment coring, core processing, and dating

Sediment cores were retrieved from Lake Höglwörth in
2019 from a water depth of 4.7 m (Figs. 1 and S2 in the
Supplement). For the uppermost (∼ 1 m) sediment section,
a UWITEC gravity corer with a diameter of 90 mm was
used, while longer sediment cores with a diameter of 63 mm
were retrieved in overlapping core sections (2 m each), us-
ing a platform-based UWITEC piston coring system. Cores

were split, photographed, and lithologically described at the
laboratory of the Physical Geography Department of the
Friedrich Schiller University Jena. Lithological marker lay-
ers within the core sections were used to establish a con-
tinuous sediment sequence with a total length of 278 cm
(Fig. S2).

In cooperation with the Laboratory for the Analysis
of Radiocarbon (LARA), University of Bern, Switzerland,
14C ages were obtained from eight macrofossil samples
and one bulk organic matter sample (Table 1) (Salazar et
al., 2015; Szidat et al., 2014), using a Mini Carbon Dating
System (MICADAS) accelerator mass spectrometer (AMS)
coupled online to an Elementar analyser (Ruff et al., 2010).
Prior to radiocarbon analysis, samples were treated with
∼ 4 % HCl at 60 ◦C for 8 h to remove carbonates. Ages ob-
tained from LARA were calibrated using the online ver-
sion of the software Calib 8.2 (Stuiver and Reimer, 1993),
combined with the IntCal20 calibration dataset (Reimer et
al., 2020) and the bomb peak Northern Hemisphere 1 cal-
ibration dataset (Hua et al., 2013), particularly for the 14C
age at 8 cm depth. Additionally, the upper 40 cm sediment of
core was analysed for 137Cs activity at Technische Univer-
sität Dresden, Germany. Final age–depth modelling was car-
ried out with the help of the software package rbacon 2.4.3
(Blaauw and Christen, 2011).

2.3 Lithology and geochemical analysis

Non-destructive X-ray fluorescence (XRF) scanning was car-
ried out with an ITRAX XRF core scanner at the Geomor-
phology and Polar Research Group (GEOPOLAR), Univer-
sity of Bremen, Germany. Single halves of core segments
were scanned at 5 mm intervals using a molybdenum tube
(Mo) as the X-ray source operating at 30 kV voltage, 50 mA
current, and an exposure time of 5 s. In order to eliminate
sediment matrix effects (i.e. interferences with water content,
surface roughness, and grain size variations), raw elemental
counts were normalized by logarithmic transformation and
are given as centred log ratios (Ramisch et al., 2018; Weltje
et al., 2015). XRF scanning produced reliable counts (ele-
ments with counts> 100 and mean square errors< 2) for ti-
tanium (Ti), iron (Fe), manganese (Mn), strontium (Sr), cal-
cium (Ca), and potassium (K). The degree of incoherent scat-
tering (inc) and coherent scattering (coh) is used to calcu-
late the inc / coh ratio, which is a proxy for organic mat-
ter content (Fortin et al., 2013; Guyard et al., 2007). Mag-
netic susceptibility was determined at 2 mm resolution, us-
ing a Bartington MS2E surface scanning sensor (Bartington
Instruments Ltd., Witney, UK).

Grain size and elemental analyses were conducted on 1 cm
sediment slices collected at an interval of 12 cm. For grain
size analyses,∼ 0.2 g of dry sediment was treated with H2O2
(∼ 10 % and ∼ 30 %) and ∼ 30 % HCl to remove organic
matter and carbonates. Grain size measurements were per-
formed using an LS 13 320 Laser Diffraction Particle Size
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Figure 1. (a) Overview of the study area. Red star shows the location of Lake Höglwörth. (b) Image of Lake Höglwörth and its modern
catchment indicated by red line (modified from © Google Earth, 2022). Blue line indicates the streams. Dashed yellow and blue lines indicate
the catchment and streams, respectively, before mill construction. The coring position is indicated by a yellow star.

Analyzer (Beckman Coulter, Brea, CA, USA). Samples were
measured with the aqueous liquid module in several 60 s cy-
cles until a reproducible signal was obtained. The “Fraun-
hofer” optical model of light scattering was used for com-
puting grain size distribution. Further statistical calculations
were done with a modified version of the software GRADI-
STAT 4.2 (Blott and Pye, 2001).

Approximately 20 mg of the freeze-dried sediments
(−50 ◦C, > 72 h) was packed into tin capsules for the mea-
surement of total carbon (TC), total nitrogen (TN), and iso-
topic composition of bulk nitrogen (δ15N). The total organic
carbon (TOC) and isotopic composition of bulk organic car-
bon (δ13C) were measured on decalcified sediment samples,
treated with ∼ 4 % HCl at 60 ◦C for 8 h, and washed with
deionized water until reaching pH neutrality. Carbonate con-
tent was calculated as CaCO3 from the difference between
TC and TOC, and the C/N ratio was calculated as the mo-
lar ratio. The measurements were carried out using an ele-
mental analyser (vario EL cube) coupled to an isotope ra-
tio mass spectrometer (IRMS, isoprime precisION; both de-
vices from Elementar, Langenselbold, Germany). The pre-
cision was checked by co-analysing L-Prolin, EDTA, and
USGS6 with known isotopic composition. The analytical un-
certainty for these standards was < 0.1 ‰ for both δ15N and
δ13C. The isotopic values of 15N and 13C are expressed in

delta notation (δ15N, δ13C) against air and Vienna Pee Dee
Belemnite (V-PDB), respectively.

2.4 Biological analysis

Sediment samples of 2–3 cm thickness and a volume of 16 to
47 mL each were stirred with deionized water in an overhead-
shaker for 1 to 5 h and sieved for organic and inorganic
macrofossils over mesh sizes of 1 mm and 200 µm, respec-
tively. Because samples below 238 cm depth could not be
disintegrated, H2O2 (5 %) was added, but disintegration was
insufficient, allowing a rough identification of the main sedi-
ment components only. After sieving, residues were washed
with deionized water and dried at ∼ 50 ◦C. All macrofos-
sils from the 1 mm sieve were identified to the lowest possi-
ble taxonomic level. Dried smaller sieve residues served for
the picking of specific microfossils. Ostracods, testate amoe-
bae and statoblasts of bryozoans were documented on the
species level, while counting of the other remnants (ephippia
of Cladocera, oospores of Charophyta, glochidia of Bivalvia,
eggs of uncertain origin, remains of fishes such as vertebra
and scales, oribatid mites, and charcoal) was on the group
level only. Relative abundance data for Ostracoda, testate
amoebae, and statoblasts rely on complete counts of all spec-
imens, but usually only up to 300 per group within the sam-
ples were counted. All taxa were photographed with the help
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of a Keyence VHX-6000 digital microscope. Additionally,
remains of other molluscs, insects such as weevils, and plants
such as fruits and seeds were documented (Table S1 in the
Supplement). Identification and autecological interpretation
of microfossils rely on Meisch (2000) and Fuhrmann (2012)
for Ostracoda, Schönborn (1966) and Scott et al. (2001) for
testate amoebae, Glöer (2015) for aquatic molluscs, Klaus-
nitzer (2019) for bryozoan statoblasts (Frenzel, 2019), and
datasets available on the Smithsonian Institution’s National
Museum of Natural History (https://naturalhistory.si.edu/,
last access: 4 October 2021) for other groups in a more gen-
eral way.

3 Results and interpretation

3.1 Lithology and dating

The sediment record from Lake Höglwörth shows four dif-
ferent lithological units (Figs. 2–4), which are derived from
changes in sediment colour, texture, and properties: Unit A
(from 278 to 238 cm) consists of overall dark-brown-to
black-coloured sediments with high organic carbon and sand
contents, as well as low carbonate and low clay contents
(Figs. 3 and 4). Greyish sand deposits were observed in sev-
eral depths throughout Unit A. A sharp boundary in lithology
and sediment colour is present at 238 cm depth and marks a
transition from Unit A to Unit B. The sediments in Unit B
(from 238 to 196 cm) are light reddish at the bottom and
grey-coloured at the top. Unit B has lower sand but higher
clay contents compared to Unit A, and silt is the dominant
grain size. Silt contents remain very high (> 70 %) in Unit C
(from 196 to 88 cm). Sediment colour changes distinctly at
196 cm, ranging from grey to black colour in a mottled pat-
tern. The change from dark grey to light grey sediments at
88 cm marks the transition to Unit D (from 88 cm to the top).
Brownish colours occur at 60 cm, whereas the top part of the
core reveals brighter sediments (Fig. 2).

The 14C ages from the Lake Höglwörth sediment core are
shown in Table 1. The calibrated median 14C ages range from
1620±120 BCE at 276 cm, to 2007±12 CE at 8 cm. The ma-
jority of the 14C ages from the Lake Höglwörth sediment
core are in stratigraphic order (Fig. 2; Table 1). Only one
sample at 67 cm depth shows an age reversal; however its er-
ror range overlaps with the age range of the sample at 92 cm
depth (Fig. 2).

The 137Cs activity shows two peaks at 14 and 26 cm
(Fig. 2). The first peak at 14 cm likely reflects the fallout
from the 1986 CE Chernobyl accident, while the second peak
at 26 cm likely reflects the fallout from the weapon testing in
1963 CE (Sirocko et al., 2013; Appleby et al., 1991; Appleby
and Oldfield, 1978).

https://doi.org/10.5194/egqsj-72-219-2023 E&G Quaternary Sci. J., 72, 219–234, 2023

https://naturalhistory.si.edu/


224 S. Acharya et al.: A 1100-year multi-proxy palaeoenvironmental record from Lake Höglwörth, Bavaria

Figure 2. (a) Photo of the sediment core from Lake Höglwörth, units, and bacon age–depth model (Blaauw and Christen, 2011). The age–
depth model is based on the tie point of mill construction at 1701 CE, indicated by a red symbol, calibrated radiocarbon ages are displayed as
probability density functions of the 2σ distributions indicated by a blue symbol, and 137Cs ages are shown in green. (b) The 137Cs activity
(peak area h−1 g−1 sediment).

Figure 3. Variations in magnetic susceptibility and selected elements as well as carbonate content [%] along the depth profile at Lake
Höglwörth. Elemental data are shown as centred log ratios (clr).
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Figure 4. Variations in inc / coh, total organic carbon (TOC), total nitrogen (TN), the molar ratio of TOC [%] and TN [%] (C/N [molar]),
and the bulk isotopic composition of organic carbon δ13C and nitrogen δ15N [‰] as well as sand [%] and clay [%] contents along the depth
profile of Lake Höglwörth.

3.2 Geochemical analysis

Magnetic susceptibility values are low in Unit A and the
lower part of Unit B. The upper part of Unit B reveals
the maximum magnetic susceptibility of the entire record.
After a significant drop at the transition from Unit B to
Unit C, values remain on a quite constant high level with
only minor fluctuations up to 20 cm composite depth. How-
ever, one minimum stands out at 88 cm depth, marking the
transition to Unit D (Fig. 3). A trend towards lower val-
ues characterizes the top part of the core. The XRF analy-
sis shows several changes in elemental records, associated
with lithological changes (Fig. 3). Ti and K as proxies for al-
lochthonous minerogenic input and catchment erosion (Stro-
bel et al., 2021; Boes et al., 2011; Kastner et al., 2010) yield
mostly the same pattern throughout the record, with high
dynamic variability in Unit A but rather small variability
in the following units. Ca and Sr show an opposite pattern
compared to Ti and K. Ca and Sr are often linked to au-
thigenic carbonate precipitation, e.g. due to enhanced lake
productivity and/or evaporation (Kasper et al., 2012). The
log(Ca/Ti) ratio can thus be used as a proxy for lake pro-
ductivity versus minerogenic input. The very similar pattern
of the log(Ca/Ti) ratio and CaCO3 of our record corroborates
this interpretation (Fig. 3). Mn and Fe follow a very similar
pattern with decreasing trends from Unit A towards Unit B,
followed by persistently lower values. The log(Fe/Mn) ra-
tio was proposed as a proxy for redox conditions due to the
higher solubility of Mn in a reducing environment relative to
Fe (Makri et al., 2021; Żarczyński et al., 2019). Higher val-
ues thus indicate a stratified water column or reducing con-
ditions. The log(Fe/Mn) ratio might well be influenced by
other processes such as diagenesis and detrital input (Makri

et al., 2021). As during anoxia and when diagenetic processes
are dominant within the sediments, both the Fe and the Mn
are dissolved, while Ti remains a stable component (Aufge-
bauer et al., 2012; Boes et al., 2011). This would significantly
alter the log(Fe/Ti) ratio compared to the log(Fe/Mn) ratio.
Since this is not the case and both the ratios follow very
similar trends, the effects of diagenesis and detrital input
on the redox conditions derived from the log(Fe/Mn) ratio
are supposed to be negligible in Lake Höglwörth (Evans et
al., 2020; Kylander et al., 2013). Additionally, reconstructed
anoxia based on log(Fe/Mn) is corroborated by the biologi-
cal record discussed below. Despite the shift from Unit A to
Unit B, log(Fe/Mn) ratios show only small changes.

TOC values range between 2.8 % and 26.6 %, exhibit the
highest values in Unit A, and decrease towards Unit D. The
inc / coh ratio shows a quite similar pattern to TOC and thus
can be used as a proxy for organic matter as well (Fortin
et al., 2013; Guyard et al., 2007). TN values range from
3.5 % to 0.4 % and follow the pattern of TOC in the entire
record (Fig. 4). The C/N ratio ranges from 5.1 to 7.1 with
an average value of 6.3, indicating that organic matter is pri-
marily derived from autochthonous sources (Meyers, 2003).
δ13C ranges from −34.1 ‰ to −30.5 ‰ and shows a pattern
similar to the C/N ratio (Fig. 4), implying organic matter
is mainly authigenically derived. δ15N values vary between
−0.2 ‰ and 3.0 ‰ and show an increasing trend from the
bottom towards the top of the record.

3.3 Biological remains

Analysis of biological remains from the sediment core doc-
uments at least 30 different taxa from the sediment core
(Fig. S4a–b, Table S1). Species level identification was
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achieved for Mollusca, Ostracoda, and Bryozoa. Other fos-
sils encountered were oribatid mites, ephippia of cladocer-
ans, beetle remains, fruits and seeds of angiosperm plants,
oospores of charophytes, and fragments of mosses. Most taxa
are aquatic, but there are a considerable number of terrestrial
taxa as well.

Fossil remains are very rare in Unit A, suggesting un-
favourable conditions for their preservation. Higher abun-
dances in other units indicate better preservation. Broad max-
ima are visible in Units B and C for most taxa, suggesting
higher deposition of fossil remains in these units. Glochidia
do not appear before the upper part of Unit C and flourish in
Unit D, whereas charophytes and Hippuris are abundant in
Units B and C and disappear in Unit D.

Oribatid mites are highly abundant in Units B and C,
whereas their abundance decreased in the earlier portion of
Unit D. Ephippia are highly abundant in Unit B, but abun-
dances decrease afterwards to the top.

Fish remains in the sediment show a broad maximum in
the middle of Unit B, suggesting the start of and a substan-
tial increase in the fish population in Lake Höglwörth with a
short-lived breakdown at the limit to Unit C (Fig. 5).

Schoenoplectus is abundant in Units B and D but scarce in
Unit C. Bryozoan statoblasts are relatively stable in Unit C,
whereas they show a steady increase in the upper part of
Unit D. Charcoal is very rare in Unit A, abundances are
high in Units B and C, and they decrease throughout Unit D
(Fig. 5).

Dominant ostracod species are Cypridopsis vidua and
Candona candida (Fig. 6a). Swimming ostracod species such
as Cypridopsis vidua can avoid the oxygen deficiency of
the bottom water by swimming in between macrophytes and
are often found in highly productive waterbodies (Meisch,
2000). Their abundance is high at the middle of Unit C and
in the later portion of Unit D. Cypria ophtalmica reaches
high abundances in Units B and D but is almost absent from
Unit C. Limnocythere inopinata, Sarscypridopsis aculeata,
and Cyclocypris sp. are rare and restricted to the younger half
of the core. In contrast, Darwinula stevensoni, known to live
on mud in waterbodies such as fishponds (Meisch, 2000), is
frequent in the older part of the core and vanishes in Unit D.

Testate amoebae can be found in the younger three units
of the core in high abundances (Fig. 6b). There is a change
recognizable from dominating Difflugia oblonga in basal
Units C and B to prevailing Difflugia corona above in Unit D.
Difflugia urceolata is a species that prefers cooler waters and
can tolerate low oxygen contents as well (Scott et al., 2001).
Difflugia urceolata and Difflugia bidens are rare but typical
of Unit D.

Bryozoan statoblasts and most of the other fossil remains
are missing from Unit A (Figs. 4–6). The dominating taxon
is Plumatella spp., comprising the species Plumatella cas-
miana, Plumatella geimermassardi, and Plumatella repens,
which are hard to discriminate based on badly preserved
fossil material. Bryozoan statoblasts show highest abun-

dances in Unit C and steadily increase in the upper part of
Unit D (Fig. 5). The rarer species Plumatella fruticosa and
Cristatella mucedo replace each other over the record: the
former is typical of Units B and C, whereas the latter species
is abundant in Unit B and the youngest part of the core. The
zebra mussel Dreissena polymorpha appears in the upper
25 cm of the sediment core.

4 Discussion

4.1 Chronostratigraphy

Unit A is characterized by organic-rich, low clay, and high
sand contents and rare fossils. The calibrated 14C age in this
unit is substantially higher (> 2400 years) than the samples
from other units, suggesting a very low accumulation rate or
a discontinuous accumulation of the deposits (depositional
gaps and/or erosion events). The lithological, geochemical,
and biological records show a distinctly different deposi-
tional environment in Unit A compared to the other units.
A local small wetland, peat, or a floodplain of a small creek
with the presence of sedges and reeds is assumed. Since peat
or floodplain deposits with presumably discontinuous char-
acter were not the primary focus of this study, the 14C age at
276 cm was excluded from age–depth modelling. For Units B
to D, an age–depth model was calculated where during the
first iteration, only the 137Cs and 14C ages were considered
(Fig. S3). This reveals that the record roughly covers the last
1100 years. At 88 cm depth, where a distinct shift in lithol-
ogy and ecological species as well as minerogenic input oc-
curred, an age of 1650+80

−120 CE is obtained. Considering the
error range, this shift in the lacustrine environment matches
the time frame of the flour mill construction and diversion
of the input channel in 1701 CE. Therefore, we refined our
chronology in a second iteration and included this age as a
tie point for the final age–depth model (Fig. 2). It should be
noted that the 14C age at 67 cm shows a slightly older age in
both iterations, probably due to the input of older carbon as a
result of enhanced minerogenic input after the channel diver-
sion. However, this is still within the 2σ uncertainty range of
the age–depth model (Fig. 2).

4.2 Stages of lake evolution

4.2.1 Pre-lake deposits prior to 870+140
−160

CE

The lowermost part of the sediment record represents most
probably the pre-lake valley floor or a former wetland area
(floodplain of the creek), with peat forming prior to the mod-
ern Lake Höglwörth. Authigenic carbonate precipitation was
not favourable in this phase, as suggested by low contents
of CaCO3 and log(Ca/Ti) ratios. Furthermore, the presence
of preserved plant macro-remains and high log(Fe/Mn) ra-
tios indicate anoxia that is typical in swamp/fen/peat bog
environments. Several sandy layers suggest occasionally oc-
curring flash-flooding events. Two peaks of charcoal suggest
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Figure 5. Quantity of charcoal, statoblasts of freshwater bryozoans, Schoenoplectus, fish remains, ephippia of cladocerans, oribatid mites,
charophyte oospores, Hippuris, and glochidia of unionid bivalves (log(individual species (x)+ 1) / 100 mL) along core depth.

rare fire events in the area. The dominance of oribatid mites,
with some rare findings of charophytes, implies a terrestrial
or semi-aquatic habitat with dense vegetation and the pres-
ence of smaller waterbodies at this location (Frenzel, 2019).

4.2.2 From 870+140
−160

to 1120±120 CE

An abrupt change from high organic peat-like deposits to
more silty deposits suggests increasing water levels that es-
tablished a lacustrine environment after 870+140

−160 CE (Figs. 3–
6). Fossils become much more abundant and diverse dur-
ing this phase, and remains of many groups appear for
the first time (e.g. statoblasts of bryozoans, Schoenoplec-
tus, fish remains) or increase dramatically (e.g. Hippuris,
oribatid mites). High counts of Cladocera, Difflugia ob-
longa, statoblasts, and ostracods such as Candona candida
and Darwinula stevensoni characterize Lake Höglwörth as
a shallow and macrophyte-rich waterbody (Fuhrmann, 2012;
Meisch, 2000). In general, high abundances of ostracods sug-
gest high aquatic production (Ruiz et al., 2013), which is
further supported by increased carbonate precipitation. De-
creasing TOC and TN values document a shift in nutrients,
which is further supported by increasing δ15N and δ13C val-
ues (Meyers, 2003). Finer-grained sediments, a decrease in
submerged macrophytes after 870+140

−160 CE, and a substantial
increase in fish remains around 1000+130

−140 CE points towards
a slowly rising water level. A distinct increase in charcoal
abundance infers increasing fire events in the lake catchment
(Fig. 5).

The monastery Höglwörth on the lake peninsula was con-
structed in 1125 CE (Bauer and Bauer, 1993). During the
construction phase, the peninsula was probably enlarged by
soil material previously extracted from an artificial ditch

around the construction area (Landesamt für Digitalisierung,
2022). In addition, the lake was probably dammed, but
whether this was done before or during the construction of
the monastery and when these activities happened are not
known. Therefore, we cannot rule out that the sediments
that accumulated between 870+140

−160 and 1120±120 CE result,
at least partly, from these construction activities and/or the
damming.

4.2.3 From 1120±120 to 1701 CE

Human activities in the lake catchment increased during this
stage, as indicated by the charcoal content that likely reflects
high levels of firewood burning (Whitlock and Larsen, 2001;
Fig. 5). This is contemporaneous with an increase in human
activities in the region (Gilck and Poschlod, 2020; Enters et
al., 2006).

Decreasing abundance of statoblasts, ephippia, and charo-
phytes, as well as lower diversity in ostracods and testate
amoebae and increasing δ13C and δ15N values, points to an
increased trophic state of the lake (Figs. 4–6; Poikane et
al., 2018; Torres et al., 2012; Hartikainen et al., 2009).

In 1120± 120 CE, enhanced flux of minerogenic material
(Ti, K) was probably caused by the monastery construction in
1125 CE and would very likely have increased aquatic pro-
ductivity (Haas et al., 2019). A further increase in minero-
genic input from 1240+110

−120 to 1380+90
−110 CE associated with

higher clay contents as well as increased values for magnetic
susceptibility (Dearing et al., 1996) suggests increased soil
erosion in the catchment of the lake (Fig. 3). This coincides
with the massive medieval deforestation in Bavaria during
the 13th century as a result of a growing population and in-
creasing agropastoral activities (Gilck and Poschlod, 2020;
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Figure 6. (a) Distribution of ostracods and (b) testate amoebae and bryozoan statoblasts within the core from Lake Höglwörth. Ostracoda,
testate amoebae, and Bryozoa abundances are given as abundance for 100 mL of sediment and are log-transformed [log(x+ 1)].

van der Knaap et al., 2019; Enters et al., 2008). However,
enhanced terrestrial input could also be related to a series of
extreme precipitation and flood events such as the St Mary
Magdalene flood in 1342/1343 (Bauch, 2019; Reinhardt-
Imjela et al., 2018). During almost the same time (from
1310+100

−120 to 1470+90
−100 CE), anoxia occurred, as reflected by

higher log(Fe/Mn) ratios and the abundance of Cypridop-
sis vidua and Difflugia urceolata because these species can
avoid oxygen deficiency by swimming in between macro-
phytes (Fig. 7; Scott et al., 2001; Meisch, 2000). As the lake
is relatively shallow and water might be seasonally mixed,
the anoxia could mainly have occurred at the bottom of or in
the interstitial water (Fam and Kerstin, 2018). In combination
with bottom or interstitial water anoxia, abundances of ostra-

cods as well as charophytes and pronounced calcite precipi-
tation indicate overall enhanced aquatic productivity. There-
fore, deforestation probably led to higher allochthonous in-
put, which likely caused increased nutrient delivery. Simi-
lar processes were reported from other sites such as Lake
Salęt in Poland, where anthropogenic activities during the
medieval period led to stronger soil erosion and higher pro-
ductivity (Gąsiorowski et al., 2021). Lacustrine carbonate
precipitation (log(Ca/Ti) ratios, CaCO3) is not only affected
by biological productivity, but also driven by temperature
and thus higher evaporation (Kasper et al., 2012; Mueller et
al., 2009; Brown et al., 2007). Considering the chronologi-
cal uncertainties, carbonate precipitation increased in Lake
Höglwörth during periods of higher temperatures during the
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Figure 7. Distribution of selected environmental proxies for the
core from Lake Höglwörth. (a) The Ti centred log ratio (Ti [clr])
represents the minerogenic input; (b) log(Ca/Ti) indicates the au-
thigenic carbonate precipitation; (c) log(Fe/Mn) reflects redox con-
ditions; (d) inc / coh refers to organic matter deposition. (e, f) Ab-
solute abundance (log(x+ 1) 100 mL−1) of Cypridopsis vidua and
zebra mussels, respectively. Red shading indicates the periods with
prevailing bottom or interstitial water anoxia in the lake as inferred
from high log(Fe/Mn) and abundance of Cypridopsis vidua as well
as other species mentioned in the text.

past millennium for Europe (PAGES 2k Consortium, 2013).
Hence, increased biological production and higher tempera-
tures might have been responsible for the authigenic carbon-
ate precipitation in our record. The presence of glochidia,
which are larval stages of unionid bivalves that live as par-
asites on fishes (Glöer, 2015), reflect the fact that abundant
fish lived in Lake Höglwörth after 1620+50

−80 CE. Their dom-
inance within the uppermost, youngest part of the record
might have been driven by fish aquaculture as practised by
many monastery societies (Brugger et al., 2008).

4.2.4 From 1701 to 2019 CE

High allochthonous input and a substantial shift in aquatic
communities (e.g. disappearance of Plumatella fruticosa,
Hippuris, Darwinula stevensoni, and charophytes and ap-
pearance of glochidia) around 1701 CE coincided with the

construction of a flour mill and the related rerouting of the
Höglwörther Seebach (Figs. 3–7; Gałczyńska et al., 2019;
Melzer, 1999). An increased influx of water and minero-
genic input, associated with the mill construction, might
have affected lake water turbidity, water chemistry, and/or
mixing regimens, consequently changing the aquatic fauna
(Bhateria and Jain, 2016; Nilsson and Renöfält, 2008; Bunn
and Arthington, 2002). Additionally, the production of the
mill might have discharged wastewater into Lake Höglwörth,
causing enrichment in nutrients such as N and P.

Enhanced carbonate precipitation is documented from
1800+50

−40 to 2019 CE (Fig. 7). This was accompanied by a
reduced minerogenic input and thus perhaps caused by in-
creased primary productivity in the lake, leading to epil-
imnetic carbonate precipitation (Sun et al., 2019; Balci et
al., 2018). Additionally, the post-industrial revolution rise in
global temperature may have led to increased lake evapora-
tion and thus enhanced carbonate precipitation (DWD Cli-
mate Data Center, 2023; IPCC, 2021; DWD Climate Data
Center, 2020). The high abundance of Difflugia urceolata and
Cypridopsis vidua after 1850+40

−50 CE point towards anoxia in
the lake (Fig. 7). The high abundance of the testate amoebae
Difflugia urceolata and the appearance of Difflugia bidens af-
ter 1850+40

−50 CE suggest a higher trophic state, possibly due to
increased nutrient input from anthropogenic activities. This
is corroborated by decreasing δ15N and δ13C values.

After around the 1960s, Lake Höglwörth was affected
by eutrophication due to increased agriculture activities and
the associated input of nutrients as inferred from decreasing
δ15N values. This is in line with increased anthropogenic ac-
tivities globally and the start of the industrial revolution in
the region (Steffen et al., 2015; De Vries, 1994). Eutroph-
ication is common for lakes in Bavaria (Enters et al., 2006;
Bayrisches Landesamt, 1996) and central Europe (Bartram et
al., 2002). The zebra mussel Dreissena polymorpha, a neo-
zoon, an invasive species, and native to lakes in Russia and
Ukraine, appeared in Lake Höglwörth around 1960± 10 CE
(Fig. 7; Neumann and Jenner, 1992). This is contempora-
neous with its spread to alpine lakes (Minchin et al., 2002;
Binder, 1965).

5 Conclusion

This study analysed a sediment core from Lake Höglwörth
for lithology, geochemistry, and biology to investigate the
palaeoenvironmental conditions and anthropogenic impact
on a lacustrine system. Our findings suggest that a wetland
environment (peat formation) existed prior to 870+140

−160 CE,
when the lake sediment started to accumulate. Distinct shifts
in sedimentology, elemental composition, and the biological
record from 870+140

−160 to 1120± 120 CE are attributed to the
construction of the monastery in 1125 CE and/or damming of
the lake. Our record documents increased allochthonous in-
put from 1240+110

−120 to 1380+90
−110 CE related to enhanced soil
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erosion. Prevailing bottom or interstitial water anoxia from
1310+100

−120 to 1470+90
−100 CE can be related to higher nutrient

input as a consequence of enhanced anthropogenic activities
such as deforestation. A shift in the sedimentological and bi-
ological record at 1701 CE is possibly caused by the diver-
sion of a small creek necessary for the operation of a newly
built mill. Channel diversion increased the allochthonous in-
put into the lake and had a significant impact on aquatic com-
munities. Overall, this study shows that past human activ-
ities during the last millennium have had a significant im-
pact on the lithological, geochemical, and biological environ-
ment, causing algal blooms and anoxia in Lake Höglwörth
repeatedly during the last millennium prior to recent decades.
Also, this study demonstrates that dam construction can have
severe impacts on aquatic ecosystems. Lakes have under-
gone significant environmental changes in the past for var-
ious reasons, and understanding the causes and impacts of
these changes can be valuable for predicting future ecologi-
cal pathways as well as for restoration efforts.
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Atmospheric circulation patterns over Europe during the
Late Pleistocene remain insufficiently understood. One of
the central questions in this debate is whether humid air-
flow from the Mediterranean Sea triggered the marine oxy-
gen isotope stage-2 maximum advance of glaciers (at around
26–24 ka) in the European Alps that had their main accumu-
lation area south of the main weather divide in this moun-
tain range. If this southerly airflow hypothesis is correct, the
southern Black Forest (southern Germany) would have been
in a leeward position with respect to the Alps and little pre-
cipitation would have been available for ice build-up. There-
fore, it is likely that the four interconnected ice caps in this
region reached their Late Pleistocene maximum extent asyn-
chronously with the glaciers in the Alps. As an age determi-
nation of the last glaciation maximum in the southern Black
Forest is still pending, this assumption cannot yet be verified.
The general trend towards warmer climatic conditions during
the last glacial termination was punctuated by rapid drops in
temperature, leading to successive periods of ice-marginal
stability and moraine formation in the Variscan ranges of
central Europe. Precipitation patterns in central Europe dur-
ing this period remain largely elusive. Precipitation recon-
structions with data from former glaciers can fill this gap, but
they require additional data on the evolution of glaciers in the

Variscan ranges in central Europe. This particularly applies
to the southern Black Forest, where ice-marginal landforms
have hitherto not been directly dated. This study addresses
these issues by reconstructing the last glaciation of this re-
gion.

Digital elevation models (DEMs) derived from light de-
tection and ranging data (xy resolution: 1 m) were first sys-
tematically used to map glacial landforms in the southern
Black Forest. The results were confirmed during extensive
field surveys. Geomorphological mapping in the region NW
of the highest summit of the Black Forest, Feldberg (1493 m
above sea level (a.s.l.)), revealed that some previously de-
scribed moraines must be rejected, whereas other moraines
were mapped for the first time. These findings underline that
thorough geomorphological investigations are always needed
prior to the application of dating methods (Hofmann et al.,
2020).

Large boulders on moraines and erratic boulders were se-
lected for 10Be cosmic-ray exposure (CRE) dating. As nu-
merous sampling sites lay in heavily forested areas, topo-
graphic shielding factors were determined with DEMs fol-
lowing Li (2018) and the guidelines of Hofmann (2022).
According to preliminary CRE ages of erratic boulders and
moraine boulders SE of Feldberg, glacier retreat from the
Late Pleistocene maximum position may have been under-
way by ∼ 21 ka at the latest. This working hypothesis needs
to be confirmed with additional data. In the region NW
of Feldberg (Fig. 1), the timing of this glacial phase re-
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Figure 1. Glacial landforms in the region NW of Feldberg (Hofmann et al., 2020, 2022, 2023). CRE ages of moraines and external uncer-
tainties (Hofmann et al., 2022, 2023) are given in thousands of years (ka) before 2010 CE and ka, respectively. The inset maps show the
location of the Black Forest and the Late Pleistocene maximum ice extent (light-blue polygon) according to Hemmerle et al. (2016).

mains currently unknown. The presumably oldest moraines
in the Zastler Valley were devoid of suitable boulders for
dating (Fig. 1). In the neighbouring Sankt Wilhelmer Val-
ley, moraines at the Late Pleistocene maximum position have
probably not been preserved. CRE ages of moraines NE of
Feldberg cluster around 17–16, 15–14 and 13 ka, indicating
three distinct periods of successive ice-marginal stability dur-
ing the last deglaciation (Fig. 1; Hofmann et al., 2022, 2023).

Reconstructing DEMs of glacier surfaces and equilibrium
line altitudes (ELAs) revealed that, during the period of val-
ley glaciation in the region NW of Feldberg (by 17–16 ka at
the latest), the ELAs varied between 1140 and 1160 m a.s.l.
During the subsequent period of cirque glaciation (no later
than 15–14 ka), the ELAs of glaciers ranged from 1150 to
1210 m a.s.l. with no clear spatial trend across the studied
valleys. Varying sizes of snow drift and avalanche catch-
ments of glaciers explain the best spatial variations in ELAs.
Due to the strong effect of these processes on ELAs and large
errors in the precipitation–temperature equation used, addi-

tional work is needed for realistic and more precise estimates
of annual precipitation (Hofmann et al., 2022, 2023).

This study allowed for reconstructing the Late Pleistocene
glacial history of the southern Black Forest in unprecedented
detail. The high potential for climate reconstructions war-
rants further studies in this region. They should particularly
focus on obtaining additional data on the Late Pleistocene
glaciation maximum and on extracting a climatic signal from
ELAs of glaciers.

Data availability. For the data supporting this study, see the the-
sis (Hofmann, 2023), Hofmann (2022), and Hofmann et al. (2020,
2022, 2023). For rivers and lakes in Fig. 1, see LUBW (2022a) and
LUBW (2022b), respectively.
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