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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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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
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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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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.
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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
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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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