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Abstract: Loess-paleosol sequences (LPSs) are essential records for reconstructing Quaternary paleoenviron-
ments. No previous study has provided numerical chronologies of loess in Lower Franconia, southern
Germany; their chronostratigraphic assumptions have relied mainly on German (pedo)stratigraphic
schemes. In this study, we provide for the first time a chronology for LPSs in Lower Franconia based
on optically stimulated luminescence (OSL) dating using quartz and a comparison of K-feldspar (63–
100 µm) and the polymineral fraction (4–11 µm). Our results show that all obtained ages are in strati-
graphic order, ranging from Holocene to late Pleistocene, and in general confirm the former strati-
graphical interpretations. A good agreement of the obtained ages is observed between both feldspar
grain size fractions; they also agree well with the quartz OSL ages up to ∼ 50 ka. However, a marked
difference between the growth pattern of the dose response curves and consequently different satu-
ration characteristics of fine and coarse grains is found. Even though in our samples the discrepancy
in ages is not very significant, we suggest the use of coarse-grained K-feldspar whenever possible
in order to not be confronted with unknowns such as the mineral composition of the polymineral
fraction.

Kurzfassung: Löss-Paläoboden-Sequenzen sind wichtige Archive zur Rekonstruktion der quartären Umwelt.
Bisher hat sich noch keine Arbeit mit der numerischen Chronologie mainfränkischer Lösse be-
fasst; die bisherigen chronostratigraphischen Einordnungen haben ihren Ursprung in deutschen
(pedo)stratigraphischen Schemata. In der vorliegenden Arbeit stellen wir erstmals eine auf optisch
stimulierter Lumineszenz (OSL) basierende Chronologie für Löss-Paläoboden-Sequenzen in Main-
franken vor. Hierzu wurden Quarz und in vergleichender Weise sowohl K-Feldspat (63–100 µm) als
auch die polymineralische Feinkornfraktion (4–11 µm) verwendet. Unsere Ergebnisse zeigen, dass
alle gewonnenen Alter in stratigraphischer Reihenfolge sind, vom Holozän bis zum Spätpleistozän,
und generell die früher angenommenen stratigraphischen Interpretationen stützen. Eine gute Alters-
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übereinstimmung liegt für die beiden Feldspatfraktionen vor; die Alter stimmen weiterhin mit den
Quarz-OSL-Altern bis 50 ka überein. Im Vergleich von Feldspat-Grobkorn und Feinkorn (polyminer-
alische Fraktion) zeigt sich bei jedoch ein stark voneinander abweichendes Verhalten in den Wachs-
tumsverläufen der Dose Response Curves und ein sich daraus ergebendes unterschiedliches Sät-
tigungsverhalten. Auch wenn die Unterschiede für die hier vorliegenden Proben nicht übermäßig
groß sind, so empfehlen wir, wenn immer möglich, die Verwendung von grobkörnigem K-Feldspat
für die Datierung, um nicht mit möglichen Unbekannten, wie der Mineralzusammensetzung von
polymineralischen Extrakten konfrontiert zu sein.

1 Introduction

Loess-paleosol sequences (LPSs) are complex terrestrial
archives of Quaternary landscape evolution that are widely
distributed in the temperate zone, allowing for regional-
ization of past climatic changes and providing informa-
tion of paleo-geoecological responses to paleoclimatic shifts
(Sprafke, 2016). Despite its wide distribution and well-
differentiated profiles, loess in Lower Franconia (Germany;
Fig. 1) remains poorly studied (Brunnacker, 1956; Semmel
and Stäblein, 1971; Skowronek, 1982; Rösner, 1990). Ac-
cessible LPSs have been untouched from systematic investi-
gation for 3 decades, and numerical ages are lacking. Cur-
rent chronological assumptions are only possible by cor-
relating previously identified pedostratigraphic units with
the German loess (pedo)stratigraphic scheme (Schönhals et
al., 1964; Semmel, 1968) and related chronostratigraphies
recently updated by Lehmkuhl et al. (2016); the first well-
developed Bt horizon below the present day soil is supposed
to represent the Eemian (128–115 ka) paleosol affected by
periglacial reworking. One to three early glacial (EG; 115–
72 ka) humic horizons (Mosbach Humuszones, MHZs) are
superimposed by lower Pleniglacial (LPG; 60–72 ka) collu-
vial deposits (Niedereschbach Zone, NEZ) and loess. The
middle Pleniglacial (MPG; 60–32 ka) is mainly represented
by weak to moderate paleosols (Lohne soil, LS, on the top)
alternating with loess. The upper Pleniglacial (UPG; 32–
15 ka), sometimes characterized by reworked horizons at the
base, contains the thickest loess deposits with intercalated
tundra gley soils (Erbenheim soils, En), in which the late
glacial (LG; 15–11 ka) to Holocene (< 11 ka) pedogenesis
took place.

To test the validity of pedostratigraphic and thus the pre-
liminary chronostratigraphic assumptions in the area of in-
vestigation from the 1970s to late 1980s (e.g., Semmel and
Stäblein, 1971; Rösner, 1990), numerical geochronological
methods are crucial. Our study provides the first optically
stimulated luminescence (OSL) ages of loess from Lower
Franconia (NW Bavaria, Germany). OSL dating enables the
determination of the time elapsed since the last exposure of
sediment to sunlight (Aitken, 1998), and it has been suc-
cessfully applied for determining the depositional age of eo-
lian deposits, such as loess (e.g., Roberts, 2008). However,

in the case of (paleo)soils, OSL dating helps us to under-
stand the timing and rates of soil mixing. Quartz and potas-
sium feldspar are the two most widely used minerals in OSL
dating. Although quartz has been found to be a robust and
accurate dosimeter (Murray and Olley, 2002), its applica-
tion is commonly limited to the last 100–150 kyr (Wintle
and Murray, 2006). In the quest for extending this limitation,
feldspar infrared stimulated luminescence (IRSL) has been
suggested. However, the use of feldspar as a dosimeter has
major drawbacks including signal loss of IRSL during burial,
known as anomalous fading (Spooner, 1994), which can lead
to age underestimation. This problem can be accounted for
by using IR signals less affected by fading, the so-called
post-IR IRSL (hereafter pIRIR) (Thomsen et al., 2008), and
post-measurement fading correction models (Huntley and
Lamothe, 2001; Kars et al., 2008).

The majority of luminescence dating studies on loess de-
position in Europe is based on quartz OSL signals and dif-
ferent IRSL signals from fine-grained (4–11 µm) samples
(e.g., Austria: Thiel et al., 2011a, b; Hungary: Novothny et
al., 2011; Croatia: Wacha et al., 2011; Germany: Schmidt
et al., 2011; Zens et al., 2018; Poland: Moska et al., 2018;
Serbia: Fuchs et al., 2008; Schmidt et al., 2010; Romania:
Vasiliniuc et al., 2012, 2013; Belgium: Frechen et al., 2001).
In contrast, many OSL dating studies of Chinese loess de-
posits have focused on sand-sized K-rich feldspar extracts
(Li and Li, 2012; Buylaert et al., 2015; Yi et al., 2015, 2016;
Stevens et al., 2018). Recent comparative studies on the
quartz OSL signal from different grain size fractions indicate
different saturation characteristics and subsequently different
growth pattern of the dose response curve for different frac-
tions and consequently age discrepancies (Timar-Gabor et
al., 2011, 2015; Timar-Gabor and Wintle, 2013; Constantin
et al., 2015). Using the multi-elevated temperature post-IR
IRSL (MET-pIRIR) protocol, Fu et al. (2012) showed con-
sistent results between polymineral fine-grain (FG) and K-
feldspar coarse-grain (CG) MET-pIRIR ages for Chinese
loess samples. However, there is a lack of direct compari-
son of obtained IRSL ages for two different grain size frac-
tions extracted from Central European loess. There are few
comparative studies about the characteristics of the IRSL
signal from polymineral FGs and polymineral, K-feldspar
and Na-feldspar CGs (Tsukamoto et al., 2012; Zhang and
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Figure 1. (a) Distribution of loess and loess derivates (loess sediments) in Central Europe modified according to Haase et al. (2007) and
Sprafke (2016); (b) studied sections (red circles) of Holzkirchhausen (HKH) and Kitzingen (KT) in the Lower Franconian loess region. Loess
sediments and eolian sands distribution modified from Lehmkuhl et al. (2018).

Li, 2019). Tsukamoto et al. (2012) demonstrate that in both
blue and UV detection windows, IRSL and pIRIR signals in
polymineral FGs mainly originate from Na-feldspar grains
when a lower preheat temperature (260–300 ◦C) is being
used. However, Zhang and Li (2019) showed that the stan-
dardized growth curves (SGCs) of the K-feldspar, plagio-
clase and polymineral CGs are very similar in shape and are
distinctly different in shape from the polymineral FG SGCs.

In this paper, we aim to present a robust luminescence
chronology of Lower Franconian LPSs using pIRIR stimu-
lated at 225 ◦C (hereafter pIRIR225) for different grain size
fractions and test the reliability of both FG and CG pIRIR225
ages. When possible, the fast component quartz OSL ages
were determined to assess which pIRIR225 ages from dif-
ferent grain size fractions are more accurate. Based on our
results of luminescence dating, we then investigate the va-
lidity of chronostratigraphic assumptions based on the use of
German loess (pedo)stratigraphic schemes.

2 Study area context and logging

The studied sections are located on the Mainfranken plateau,
an undulating to hilly plain 220 to 400 m a.s.l. (above sea
level) made up of Middle Triassic limestones, marls and
claystones with a few intercalated sandstone layers. The
plateau is incised by the Main river and its tributaries flow-
ing with large deviations in its course from E to W (220 m
to 140 m a.s.l., respectively; Fig. 1). Shielded from Atlantic
moisture by the highland chain of Odenwald, Spessart and
Rhön (400–900 m a.s.l.), annual precipitation is < 600 mm.
Loess sediments of a few decimeters to more than 10 m thick-
ness cover the plateau. Only a very few profiles investigated
during the last century (Rösner, 1990) are accessible; among
these, we studied the well-resolved, presumably Late Pleis-

tocene profiles of Kitzingen (KT; ca. 20 km SE of Würzburg)
and Holzkirchhausen (HKH; ca. 20 km W of Würzburg)
(Fig. 2). Our reconnaissance surveys revealed the presence
of most of the stratigraphic units previously reported in the
literature.

The LPS KT (Fig. 2a, d, e and f) is exposed at the former
Pavel and Becker loam pit 2.5 km west of Kitzingen city on
the northern side of the road to Kaltensondheim (236 m a.s.l.;
profile KTM, 49◦44′7.98′′ N, 10◦7′43.51′′ E). The road fol-
lows the bottom of the asymmetric valley of the Eherieder
Bach, a small tributary to the Main river (Fig. 2a). The val-
ley cuts Middle Triassic claystones, marls (lower Keuper)
and limestone (Muschelkalk). Old maps show that the loam
extraction has advanced since the investigations of Semmel
and Stäblein (1971) and Rösner (1990). Only the upper 4 to
5 m of the up to 12 m thick LPS are available due to the par-
tial filling of the pit (Fig. 2d and e). Sketches of the former
outcrop by Semmel and Stäblein (1971) and Rösner (1990)
testify to the large lateral variability of stratigraphic units
(Fig. 2d). The presumably Eemian paleosol formed in over
5 m thick, weakly differentiated penultimate glacial loess. Up
to two MHZs separated by a clayey, greenish colluvial layer
of local material (Keuperfliesserde; KFE) are present in the
central part of the SW-facing outcrop. An erosive colluvial
phase led to the erosion of a major part of the MHZs and even
the last interglacial Bt horizon in the W part of the outcrop,
leaving a reddish-brown colluvial layer (NEZ) there. A few
decimeters of loess and a moderately developed paleosol, re-
ferred to as LS, are superimposed (Rösner, 1990; Semmel
and Stäblein, 1971). Thick UPG loess is found in a paleo-
depression which is incised into the early glacial sequence
in the E part of the outcrop. In total, three profiles were ex-
cavated in the outcrop (Fig. 2d and f). KTE (3 m thick) ex-
poses the youngest loess deposits in the paleo-depression of
the eastern part of the outcrop, whereas KTM ca. 35 m fur-
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Figure 2. Profiles and sample locations. (a) Local topography of KT and HKH. Note for KT the location of the old brickyard studied
by Brunnacker (1959) and the location of the outcrop wall studied by Semmel and Stäblein (1971). (b) Overview photo of HKH outcrop.
(c) Photo and HKH profile sketch with position of OSL samples and laboratory codes. (d) KT today with the locations of three studied
profiles: KTE, -M and -W. (e) Outcrop sketches of the exposed E wall (Rösner, 1990) and the exposed S wall (Semmel and Stäblein, 1971);
the latter shifted further north in the 1990s (Fig. 2a). (f) Photos and sketches of the studied KT profiles with the position of OSL samples
with laboratory codes.
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ther west (4.2 m thick) allows access to all major units of
the standard stratigraphy (i.e., LS, NEZ, MHZs, Eemian Bt)
down to the penultimate glacial loess. KTW (3.5 m thick) is
situated in the exposed E outcrop wall with a major hiatus be-
tween the NEZ and the penultimate glacial loess according to
Rösner (1990).

The LPS HKH (Fig. 2a–c; Holzkirchhausen II accord-
ing to Rösner, 1990) is located in a small former loam pit
1.5 km west of the village of Holzkirchhausen at 265 m a.s.l.
(49◦45′31.89′′ N, 9◦38′50.01′′ E). It is situated on a SE-
facing smooth slope ca. 70 m north of the road to Kem-
bach, which is located downstream of the Kembach valley
(Fig. 2a). The local geology is made up of Lower Triassic red
claystone covered by loess sediments of varying thickness.
The outcrop is ca. 10 m wide and shows little lateral vari-
ation, with the lower horizons dipping slightly towards the
west (Fig. 2b). According to Skowronek (1982), the strongly
developed basal paleosol of HKH overlies the local clay-
stone, but in our profile, this paleosol developed in loess
sediments. Rösner (1990) provides a detailed description of
the profile (her Holzkirchhausen II profile). The pedostrati-
graphic designations follow the standard nomenclature of
SW and central Germany (Schönhals et al., 1964; Semmel,
1968) outlined above and marked in Fig. 2c. The main fea-
tures of the HKH profile are the Eemian Bt horizon at the
bottom, one MHZ separated from the NEZ by loess and a
twofold LS. There is no indication of thick upper Pleniglacial
loess at this location.

All four profiles were thoroughly cleaned and described in
the field based on color, grain size and structural properties
using pedological horizon designations by the FAO (2006)
in the way suggested by Sprafke (2016). At both sites, the
previously defined pedostratigraphic units could be unam-
biguously traced except for the Erbenheim soils in the paleo-
depression in the E part of the KT outcrop. Pedostratigraphic
units by Semmel and Stäblein (1971) and Rösner (1990),
as well as sample locations including laboratory codes, are
shown in Fig. 2f.

3 Luminescence dating

3.1 Sampling, sample preparation and analytical
facilities

Luminescence samples were taken from selected strati-
graphic units (Fig. 2c and f) by hammering 15–20 cm long
steel tubes into freshly cleaned outcrop walls. For paleosol
horizons, samples were taken from loess units above and be-
low the well-developed soil horizon (Bt horizon), providing
an upper and lower age limit of the soil formation.

Sample preparation for luminescence measurements was
carried out under subdued red light at the Leibniz Institute for
Applied Geophysics (LIAG), Hannover. The outer ∼ 2 cm at
the ends of the tubes was removed, and the inner material
was treated with hydrochloric acid (HCl; 10 %) to remove

carbonate, with sodium oxalate (0.1 N) to dissolve aggregates
and with hydrogen peroxide (H2O2, 30 %) to remove organic
matter. It should be noted that the chemical treatment was
done for each grain size fraction separately, i.e., two sed-
iment subsamples were prepared. For the polymineral FG
fractions, the 4–11 µm grain size fraction was separated by
repeated settling and washing using a centrifuge (cf. Frechen
et al., 1996). For the coarse-grain fractions, the 63–100 µm
grain size fraction was isolated by wet sieving. Quartz and
potassium-rich feldspar grains were then separated using
a heavy liquid solution (sodium polytungstate; quartz: ρ ≥
2.62 g cm−3; K-feldspar: ρ ≤ 2.58 g cm−3). The quartz frac-
tion was further treated with concentrated hydrofluoric acid
(40 %) for 1 h to remove any remaining feldspar and the
alpha-irradiated outer layer. Subsequently, the purified quartz
was treated with HCl (20 %) for about 1 h to dissolve any flu-
orides which might have built up during HF etching.

For luminescence measurements, the quartz and K-
feldspar extracts were mounted as aliquots 2.5 mm in diam-
eter on stainless steel disks using silicone spray as adhe-
sive. The polymineral fraction was settled from deionized
water to aluminum disks. All equivalent dose (De) mea-
surements and relevant tests were performed on automated
luminescence readers (Risø TL/OSL DA-20; Thomsen et
al., 2006) equipped with arrays of blue (470± 30 nm) and
infrared (870± 40 nm) LEDs and calibrated 90Sr/90Y beta
sources. The beta sources of the readers were calibrated for
both coarse and fine grains. The luminescence signal from
quartz grains was detected through a 7.5 mm Hoya U-340 fil-
ter and the K-feldspar and polymineral (post-IR) IRSL sig-
nals through a combination of Schott BG-39/Corning 7-59
filters (blue-violet light spectrum between 320 and 450 nm).

3.2 Dose rate determination

The supplementary material taken from the direct surround-
ing of each sample was dried, crushed for homogenization,
filled into 50 g N-type beakers, sealed and stored for at least
4 weeks to ensure equilibrium between radon and its daugh-
ter nuclides. The radionuclide concentrations (238U, 232Th
and 40K) were subsequently measured by high-resolution
gamma spectrometry; the results are summarized in Table 1.
The dose rate conversion factors of Guerin et al. (2011) and
beta attenuation factors of Mejdahl (1979) were used for
dose rate calculation. A small cosmic dose rate of ∼ 0.1–
0.2 Gy kyr−1 was calculated based on Prescott and Hutton
(1994) and Prescott and Stephan (1982). Water content was
assumed to be 20± 5 % for samples collected from the well-
developed pedocomplexes and loess below (i.e., LUM 3269,
3270, 3274, 3831, 3832 and 3833) and 15±5 % for all other
samples. These values are in accordance with loess studies
from the Neckar region ca. 100 km southwest of our study
area with comparable physicogeographical conditions (e.g.,
Zens et al., 2018). The large error in this estimate is used
to account for the possible alterations in water content over
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geological time. It should also be noted that some of the
dose rate uncertainties originate from the difficulty in cosmic
dose rate and water content estimation due to variable thick-
ness of overburden sediments over burial time and climatic
conditions over that period, respectively. For the coarse-
grained feldspar extracts, an additional internal beta dose
rate was calculated based on an internal potassium content of
12.5± 0.5 % (Huntley and Baril, 1997) and a rubidium con-
tent of 400± 100 ppm (parts per million; Huntley and Han-
cock, 2001). As the outer layer of the coarse-grained quartz
was removed by HF etching, the contribution of alpha radi-
ation was not taken into account. An a value of 0.08± 0.02
(Rees-Jones, 1995) and 0.11± 0.02 (Kreutzer et al., 2014)
was applied for FG polymineral and CG K-feldspar grains,
respectively.

3.3 Equivalent dose measurement

3.3.1 Post-IR IRSL measurements

A single aliquot regenerative (SAR) post-IR IRSL measure-
ment procedure was employed for the De determination of
K-feldspar CG and polymineral FG samples. The procedure
uses a preheat of 250 ◦C for 60 s and a first IR stimulation
at 50 ◦C for 100 s (IR50 signal), followed by a second IR
stimulation at 225 ◦C for 100 s (pIRIR225 signal; Buylaert et
al., 2009). The test dose was ∼ 50 and ∼ 250 Gy for young
and old samples, respectively. In order to reduce the effect of
recuperation, an IR illumination at 290 ◦C for 40 s was ap-
plied at the end of each measurement cycle. The first ∼ 3 s
of stimulation minus a background from the last ∼ 10 s was
used to construct the dose response curves (DRCs). Dose re-
sponse curves were fitted using a single exponential func-
tion. Full DRCs were obtained from one aliquot per sample
(Fig. 3). The dose response and decay curves of the pIRIR225
signals of both the CG K-feldspar and FG polymineral for
two representative samples (LUM 3266 and LUM 3270; up-
permost and lowermost sample) are shown in Fig. 3.

To determine the equivalent doses, six aliquots per sam-
ple (both for CG K-feldspar and FG polymineral) were mea-
sured. The mean recycling ratios generated from CG K-
feldspar and FG polymineral were 1.001±0.004 and 1.005±
0.004, respectively, and recuperation was below 2 %, there-
fore well within the acceptable range (Murray and Wintle,
2003).

The reliability of the pIRIR225 protocol was checked by
means of dose recovery tests for each sample using six
aliquots previously bleached for 4 h in a Hönle SOL2 solar
simulator. To test whether a given dose could be accurately
recovered, three bleached aliquots were then given a dose
similar to the natural equivalent dose, and subsequently the
pIRIR225 measurement procedure described above was ap-
plied. The other bleached aliquots were used for the measure-
ment of the residual dose after bleaching in the solar simu-
lator. Figure 4a and b shows a summary histogram of the
measured-to-given dose ratio, with a mean of 0.94±0.01 for

CG K-feldspar and 0.96± 0.01 for FG polymineral, which
is within the suggested range of 0.9–1.1 (Wintle and Mur-
ray, 2006). All the measured residual doses were negligible
(≤ 6 Gy) with respect to the measured De values; they were
not subtracted from the measured De values for the final age
calculation.

To test the athermal stability of the feldspar signals, fading
experiments following Auclair et al. (2003) were run on the
aliquots previously used for dose recovery tests. The fading
rate is expressed by the g value, where g is the percentage sig-
nal loss per decade of time (Aitken, 1985). We applied two
fading correction models. The Huntley and Lamothe (2001)
fading correction model was used for samples for which the
luminescence ages are < 50 ka and correspond to the lin-
ear part of DRC (Huntley and Lamothe, 2001). The fad-
ing correction for samples with ages up to field saturation
was performed using the Kars et al. (2008) fading correc-
tion model, which is known to correct anomalous fading for
older samples with ages in the nonlinear part of the DRC (Li
et al., 2019).

3.3.2 Blue OSL measurements

First, the purity of quartz samples was checked by examin-
ing the IR depletion ratio (Duller, 2003), which was for all
samples within 10 % of unity, indicating that there is no sig-
nificant feldspar contribution to the OSL signal.

The quartz De values were obtained using a SAR proto-
col (Murray and Wintle, 2000, 2003). In order to select the
most appropriate thermal treatment, preheat plateaus were
measured on two representative samples (LUM 3266, KT;
LUM 3827, HKH). The temperatures were set to 160–280 ◦C
with an interval of 20 ◦C; the cut heat was 20 ◦C lower than
the preheat temperature. A preheat of 260 ◦C (10 s) and a cut
heat of 240 ◦C (0 s) was selected for the final De measure-
ments, which were then conducted on 12 aliquots per sam-
ple. The test dose used for all samples was ∼ 10 Gy. At the
end of each SAR cycle, a high-temperature blue light illumi-
nation (280 ◦C for 60 s) was carried out.

For De calculations, the signal integrated over the initial
∼ 0.4 s minus the immediate ∼ 0.5–1.5 s (early background
subtraction; Cunningham and Wallinga, 2010) was used, and
the DRC were fitted using a single saturating exponential
function (Fig. 6). The characteristic saturation dose (D0) of
∼ 80 Gy suggests that the upper dose limit for quartz signal
is about 160 Gy. Since most of the samples were found to be
in saturation (De > 2D0; Wintle and Murray, 2006; Fig. 6b),
the quartz ages were obtained for six samples only, all of
which are expected to be in the datable range according to the
field stratigraphy. For all samples, recycling was< 10 %, and
recuperation was < 5 %. The suitability of the protocol was
tested by means of dose recovery tests on three aliquots per
sample. Prior to measurements, the aliquots were bleached
in the luminescence reader using two blue stimulations for
1000 s separated by a 10 000 s pause. The aliquots were then
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Table 1. Summary of the present burial depths, radionuclide concentrations, and calculated quartz (Qz), K-feldspar CGs (K-fsp) and polymin-
eral FGs (poly.) dose rates.

LUM Site Depth U Th K Total dose rate Qz Total dose rate K-fsp Total dose rate poly.
no. (m) (ppm) (ppm) ( %) (Gy kyr−1) (Gy kyr−1) (Gy kyr−1)

3266 KT 1.30 3.6± 0.2 11.8± 0.7 1.6± 0.1 2.96± 0.21 3.88± 0.17 4.00± 0.24
3267 2.70 3.6± 0.2 12.2± 0.7 1.6± 0.1 2.94± 0.20 3.86± 0.17 3.40± 0.24
3268 1.50 3.2± 0.2 11.9± 0.7 1.7± 0.1 2.97± 0.20 3.87± 0.17 3.96± 0.24
3269 2.90 3.8± 0.2 14.6± 0.9 1.8± 0.1 3.12± 0.20 4.04± 0.16 4.25± 0.25
3270 4.05 3.1± 0.2 11.8± 0.7 1.8± 0.1 2.85± 0.20 3.74± 0.16 3.77± 0.22
3271 0.85 3.2± 0.2 10.7± 0.6 1.5± 0.1 2.68± 0.19 3.58± 0.16 3.62± 0.23
3272 1.20 3.3± 0.2 11.0± 0.6 1.4± 0.1 2.67± 0.19 3.57± 0.16 3.62± 0.23
3273 1.60 3.5± 0.2 12.7± 0.7 1.6± 0.1 3.01± 0.21 3.93± 0.17 4.08± 0.25
3274 3.30 3.1± 0.2 11.2± 0.7 1.7± 0.1 2.69± 0.20 3.57± 0.16 3.58± 0.22

3827 HKH 0.80 3.5± 0.2 13.1± 0.7 1.5± 0.1 2.92± 0.20 3.84± 0.17 4.00± 0.25
3828 1.80 3.5± 0.2 12.6± 0.7 1.4± 0.1 2.77± 0.19 3.69± 0.17 3.83± 0.24
3829 2.45 3.1± 0.2 12.2± 0.7 1.5± 0.1 2.74± 0.19 3.63± 0.16 3.72± 0.23
3830 3.10 3.0± 0.2 10.8± 0.6 1.4± 0.1 2.51± 0.18 3.39± 0.16 3.41± 0.22
3831 4.05 3.8± 0.2 14.5± 0.8 1.6± 0.0 2.93± 0.20 3.86± 0.16 4.05± 0.25
3832 4.30 3.4± 0.2 14.2± 0.8 1.9± 0.1 3.06± 0.21 3.97± 0.17 4.12± 0.24
3833 5.65 3.7± 0.2 15.2± 0.8 2.1± 0.1 3.33± 0.23 4.25± 0.17 4.47± 0.25

given a dose close to the expected De value and measured
using the same SAR protocol. For all samples, the dose re-
covery ratio falls within 10 % of unity (Fig. 5b).

4 Results and discussion

4.1 CG K-feldspar and FG polymineral De and apparent
pIRIR ages

The De values of 16 samples from two different sections
were measured using the pIRIR225 protocol for FG polymin-
eral and CG K-feldspar multi-grain aliquots, and the mea-
surement results and calculated ages are listed in Table 2.
The non-fading-corrected final pIRIR225 De values for FG
polymineral samples range between 72± 1 and 393± 12 Gy
(KT) and 124±1 and 431±12 Gy (HKH), with correspond-
ing ages ranging from 18± 1 to 110± 7 ka (KT) and 31± 2
to 97±6 ka (HKH). The non-fading-corrected final pIRIR225
De values determined for CG K-feldspar samples range be-
tween 59±1 and 357±10 Gy and 111±1 and 379±11 Gy,
with corresponding ages ranging from 15± 1 to 100± 5 ka
and 29± 1 to 89± 4 ka, for KT and HKH, respectively.

4.2 Fading correction

Fading measurements indicate significantly different fad-
ing behavior between the pIRIR225 and the corresponding
IRSL50 signals with a mean g2 d value of 4.0± 0.2 % for the
IRSL50 signals and a mean g2 d value of 1.9±0.10 % for the
pIRIR225 signals (Fig. 7a, d). It is interesting to note that
the fading rates of FG polymineral samples, both IR50 and
pIRIR225, are slightly lower than the fading rates of CG K-
feldspar samples (Fig. 7d, e and f), which implies a higher

athermal stability of the FG polymineral luminescence sig-
nals. The observed difference in fading rate may originate
from the Na-feldspar grains in the mineralogical composi-
tion of the FG extracts which tend to have lower fading rates
(Huntley et al., 2007; Huot and Lamothe, 2012); however,
it has to be noted that none of the associated papers report
the detection window that was used in their study. For the
pIRIR225 signals of the FG polymineral samples, the mean
g2 d value is 1.8±0.1 % per decade (Fig. 7b), which is lower
than the g2 d value of the pIRIR225 signal for CG K-feldspar
samples (2.2± 0.1 % per decade; Fig. 7c).

The Huntley and Lamothe (2001) fading correction model
was applied to all samples for which the non-fading-
corrected pIRIR225 ages are < 40 ka (Table 2). The fading-
corrected CG K-feldspar pIRIR225 ages vary from 18± 1
to 26± 2 ka (KT) and 34± 2 to 39± 3 ka (HKH), while the
fading-corrected FG polymineral pIRIR225 ages are between
21± 2 and 30± 3 ka (KT) and 31± 2 and 39± 3 ka (HKH)
(Table 2).

The Kars et al. (2008) fading correction model was applied
to the other samples. The final corrected pIRIR225 ages range
from 67± 7 to 160± 17 ka (KT) and from 61± 7 to 144±
14 ka (HKH) for CG K-feldspar samples and from 70± 7 to
163±21 ka (KT) and from 68±13 to 165±21 ka (HKH) for
FG polymineral samples (Table 2).

4.3 Dose response curves and saturation
characteristics of different grain size fractions

Based on the age calculation for both FG polymineral and
CG K-feldspar, all calculated ages are stratigraphically con-
sistent within errors, which allows us to have a reasonable
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Figure 3. Example of (a, c) CG K-feldspar and (b, d) FG polymineral natural IRSL decay curves for pIRIR225 (in red) and its associated
IR50 (in blue) signals, with the corresponding dose response curve in the inset, for the representative samples (a, b: LUM 3266 and c, d: LUM
3270). The integration intervals are denoted by the dashed black line.

Figure 4. Summary of measured-to-given dose ratios for (a) the K-feldspar CG and for (b) the polymineral FG pIRIR225 signals.

degree of confidence in these ages. The fading-corrected FG
polymineral and CG K-feldspar pIRIR225 ages agree within
uncertainty (1σ ) for all of the samples (Fig. 8, Table 2).

The comparison of the natural DRCs of FGs and CGs for
the lowermost samples (LUM 3270 and 3833, KT and HKH,
respectively; Fig. 9c, d) shows different saturation character-

istics of the fine-grained fraction compared to coarse-grain
DRCs and a large divergence in shape and growth of DRCs
which may cause the age discrepancy. Although the DRCs
of the two grain sizes investigated also have the different
shape for the youngest samples (LUM 3266 and 3828, KT
and HKH, respectively; Fig. 9a, b), this discordance is less
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Figure 5. (a) Preheat plateau using varying preheat temperatures conducted on two representative samples (LUM 3266, 3827); (b) dose
recovery test conducted on all measured quartz samples.

Figure 6. Natural blue OSL decay curve and dose response curve (inset) for representative young and old samples, respectively (a: LUM
3266 and b: LUM 3268 with quartz OSL signal in saturation). The integration intervals are denoted by the dashed black line.

problematic as the obtainedDe values lie in the linear region
of the DRCs. Furthermore, different D0 values of FG and
CG samples were observed (Fig. S1 in the Supplement). In
particular, the K-feldspar CG fractions yield much larger D0
values than the polymineral FG fractions for most of the sam-
ples except for the four youngest samples of KT (LUM 3266,
3267, 3271, 3272), which is consistent with previous obser-
vations (Li et al., 2019; Zhang and Li, 2019). These observa-
tions suggest that the pIRIR signals from CG K-feldspar may
allow for the dating of even older samples compared to FG;
this, however, has not been systematically tested. Zhang and
Li (2019) attributed this discordance between the FG and CG
SGCs to either the difference in alpha irradiation received in
nature – as the grain size decreases, the surface / volume ra-
tio increases, and so more alpha irradiation will be received
– or the removal of the alpha irradiated outer layer of CGs
using HF. Interestingly, Timar-Gabor et al. (2017) reported
negative correlations between D0 values of DRCs of quartz
and grain size.

4.4 Quartz OSL ages: age comparison

The robustness of derived luminescence ages from FG
polymineral and CG K-feldspar measurements remains un-
certain and would need additional supporting chronological
data to be validated. For studied samples without indepen-
dent age control, reliable fast component quartz OSL ages
can be obtained at least up to 40–50 ka (maximum De of
about 120–150 Gy; Buylaert et al., 2007). Since most of the
quartz samples are close to or beyond saturation (Fig. 6b),
quartz ages are only presented for those samples for which
De < 2D0 (∼ 160 Gy) (Wintle and Murray, 2006). The OSL
ages of these samples are then considered the most reliable
age estimates available to evaluate the accuracy of both FG
polymineral and CG K-feldspar pIRIR225 dating.

Quartz OSL ages are available for the six youngest sam-
ples; the ages range from 22±2 ka (LUM 3266; KT) to 43±
4 ka (LUM 3828; HKH) (Table 2). In Fig. 10, a comparison
of quartz OSL ages with FG and CG pIRIR225 ages is shown.
There is a similar trend for both sets of pIRIR ages; most of
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Table 2. Equivalent doses (Gy) and ages (ka) for quartz OSL, K-feldspar CG (K-fsp) and polymineral FG (poly.) pIRIR225. The corrected
CG pIRIR225 ages are being used for discussion. For details see text.

LUM De OSL De pIRIR225 De pIRIR225 pIRIR225 age Quartz pIRIR225 age
no. (Gy) (K-fsp) (poly.) (ka) uncorr. age (ka) corr.

(Gy) (Gy) (K-fsp) (poly.) (ka) (K-fsp) (poly.)

3266 64.5± 2.6 58.7± 0.5 71.6± 1.0 15.1± 0.7 17.9± 1.1 21.8± 1.8 18.2± 1.3 20.5± 1.7
3267 78.7± 3.3 69.5± 1.7 83.1± 2.1 18.0± 0.9 20.8± 1.4 26.8± 2.2 20.1± 1.5 23.7± 2.2
3268 166.4± 19.4 173.4± 3.6 196.0± 6.0 44.8± 2.2 49.5± 3.4 > 56∗ 66.7± 6.7 69.8± 7.3
3269 – 281.6± 11.5 294.7± 41.4 69.6± 4.0 69.4± 10.5 – 110± 13 102± 20.8
3270 – 352.6± 12.7 388.9± 11.2 94.4± 5.3 103± 7 – 160± 17 154± 18
3271 66.5± 5.3 68.0± 0.8 81.8± 1.0 19.0± 0.9 22.6± 1.5 24.8± 2.7 22.6± 1.6 27.5± 2.4
3272 84.0± 6.1 79.5± 1.1 97.6± 1.3 22.3± 1.1 26.9± 1.8 31.5± 3.2 26.0± 1.9 30.1± 2.7
3273 163.3± 12.1 166.1± 5.0 203.5± 6.0 42.3± 2.2 50.0± 3.3 > 55∗ 59.7± 7.7 69.5± 8.7
3274 – 356.8± 10.1 392.9± 11.6 99.8± 5.2 110± 7 – 149± 16 163± 21
3827 119.0± 5.4 110.8± 1.3 124.4± 1.2 28.9± 1.3 31.1± 1.9 40.8± 3.3 34.2± 2.4 31.2± 2.2
3828 119.2± 5.6 116.7± 1.4 130.2± 2.9 31.7± 1.5 34.0± 2.3 43.0± 3.6 39.0± 2.7 38.8± 3.3
3829 184.2± 1.9 171.3± 3.5 202.1± 6.9 47.2± 2.3 54.3± 3.9 > 68∗ 61.1± 6.5 68.1± 12.9
3830 – 157.1± 4.2 190.2± 7.0 46.3± 2.5 55.7± 4.2 – 64.6± 6.9 73.0± 8.6
3831 – 236.0± 8.5 286.7± 8.8 61.4± 3.4 70.8± 4.8 – 93.0± 10.4 97.5± 12.6
3832 – 301.7± 10.5 365.2± 9.8 76.1± 4.1 88.6± 5.8 – 107± 12 129± 14
3833 – 378.8± 10.5 431.2± 11.6 89.0± 4.4 96.5± 6.1 – 144± 14 165± 21

∗ Minimum ages due to saturation of the quartz OSL signal.

Figure 7. Histogram summarizing average fading rates of (a) IR50 and pIRIR225, (b) FG polymineral of pIRIR225, (c) CG K-feldspar
of pIRIR225, and (d) anomalous fading of IR50 (pre-pIR225) and pIRIR225 signals of both grain size fractions for all samples; fitting of
luminescence sensitivity and delay time of IR50 and pIRIR225 for (e) FG polymineral and (f) CG K-feldspar for sample LUM 3270.
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Figure 8. Comparison of CG K-feldspar pIRIR225 ages with FG
polymineral pIRIR225 ages for KT (in red) and HKH (in blue). The
solid line is the 1 : 1 line, and the dotted red lines represent ±10 %.

the pIRIR ages agree with corresponding quartz OSL ages
within 1σ uncertainty except one CG sample (LUM 3267)
and one FG sample (LUM 3271) which both agree within
2σ uncertainty. These observations are in agreement with the
results of Fu et al. (2012). They used the MET-pIRIR proto-
col for Late Pleistocene Chinese loess samples and indicated
that the MET-pIRIR ages of FG polymineral samples are
consistent with the CG K-feldspar MET-pIRIR ages, quartz
OSL ages and stratigraphic ages. Moreover, the comparison
of ages derived from quartz OSL and pIRIR signals further
verifies the fully bleached pIRIR225 signals, considering that
the quartz OSL signal bleaches much faster than any IRSL
signal; the post-IR IRSL signal bleaches more slowly than
the IRSL50 signal (Buylaert et al., 2012; Murray et al., 2012;
Colarossi et al., 2015; Möller and Murray, 2015). Frouin et
al. (2017) compared the FG polymineral ages with CG K-
feldspar ages and quartz OSL ages (Guérin et al., 2015) in
order to evaluate bleaching and thus distinguish the deposi-
tional processes. Their results showed that the FG pIRIR290,
CG pIRIR290 and quartz OSL ages agree for most of the sam-
ples except for two samples which are attributed to colluvium
deposits and for which CG ages significantly overestimate
the FG and quartz ages. For those two layers, the consis-
tency between their FG pIRIR290 ages and CG pIRIR160 ages
suggested that the fine grains may have been sufficiently ex-
posed to sunlight, considering that the bleachability of the
IRSL signals decrease with increasing stimulation tempera-
ture (Poolton et al., 2002; Buylaert et al., 2012; Colarossi et
al., 2015; Tsukamoto et al., 2017).

4.5 Thermoluminescence experiments: origin of the
signals

It has consistently been reported that the intensity of elevated
temperature pIRIR signals of K-feldspar is much higher

than the prior IRSL signal at low temperature (Thomsen et
al., 2008; Buylaert et al., 2009). However, the intensity of the
pIRIR225 signals of polymineral fine grains is similar to or
lower than that of the prior IRSL50 signal (Fig. 3a, c) which
was also observed by Wacha and Frechen (2011) and Thiel et
al. (2011b) for loess from Croatia and Austria, respectively,
but is in contrast to other studies (e.g., Thiel et al., 2011a).
Tsukamoto et al. (2012) suggested that the effect of stim-
ulation temperature might be different between K-feldspar
and polymineral fine grains resulting in different signal in-
tensities. One possible explanation might be related to dif-
ferent luminescence properties for feldspar in different grain
size fractions and mineral compositions as the IRSL signal
of the FG polymineral fraction is mainly derived from Na-
rich feldspar (Tsukamoto et al., 2012). We therefore exam-
ined the thermoluminescence (TL) glow curves and loss of
TL signal after IR stimulation in order to explore the origin
of the IRSL and pIRIR signals and investigate the relation-
ship between IRSL and TL signals (Duller, 1995; Murray et
al., 2009; Tsukamoto et al., 2012). An aliquot of two rep-
resentative samples (LUM 3270 and 3833) was mounted as
loose grains in stainless steel cups and sensitized through re-
peated cycles of irradiation and annealing. The TL response
to a ∼ 40 Gy regenerative dose was then measured in four
sets of experiments: after a preheat of 60 s at 250 ◦C (set 1),
IR stimulation at 50 ◦C for 100 s (set 2), hold temperature at
225 ◦C for 200 s (set 3) and pIRIR stimulation at 225 ◦C for
200 s (set 4). TL glow curves up to 500 ◦C with a heating rate
of 5 ◦C s−1 were measured and the background signal mea-
sured during a second heating was subtracted. The lost TL re-
sulting from IR and pIRIR stimulations was obtained by the
difference between two TL glow curves, i.e., one measured
without and one measured with IR stimulation (TL set 1/set 3
– TL set 2/set 4; Tsukamoto et al., 2012).

Figure 11 shows the TL signals from a CG K-feldspar and
FG polymineral sample (LUM 3833) following various IRSL
and pIRIR stimulations. The TL glow curves are shown in
Fig. 11a and b and the loss of TL due to IRSL and pIRIR
stimulations in Fig. 11c and d. Similar results were also ob-
served for sample LUM 3270. The regenerated TL signal af-
ter a preheat with no IR stimulation shows a peak centered
at ∼ 350 ◦C for both grain size fractions. However, a tail of
the higher temperature was observed in the FG polymineral
sample. The IR stimulation at 50 ◦C clearly depletes the main
peak at∼ 350 ◦C while simultaneously optically transferring
charge into low-temperature TL peaks. The TL peak posi-
tion after IR stimulation at 50 ◦C in FG polymineral sam-
ples shifted slightly to the higher temperature region (i.e.,
∼ 380 ◦C). The holding of the sample at 225 ◦C for 200 s re-
sulted in a small reduction in the peak intensity at the lower
temperature side. The TL peak after IR stimulation at 225 ◦C
remains unaffected in the CG K-feldspar sample. However,
a small reduction in the TL peak at the lower temperature
region was observed in the FG polymineral sample. In gen-
eral, the FG polymineral sample shows an asymmetrical peak
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Figure 9. Dose response curves of (a, b) uppermost samples and (c, d) lowermost samples from HKH and KT, respectively. The fading-
corrected DRCs for the two lowermost samples (c, d) was constructed following Kars et al. (2008), and fading-corrected De values were
determined by interpolating the natural intensity onto the fading-corrected DRCs.

at ∼ 380 ◦C with the shoulder on the higher temperature
and a tail spreading up to 500 ◦C. In contrast, the CG K-
feldspar sample shows a narrower TL peak than FG polymin-
eral samples at ∼ 350 ◦C, with an absence of a higher tem-
perature shoulder. The lost TL curves (Fig. 11c, d) further
show which regions of the glow curve are reduced by the IR
and pIRIR stimulations. A peak centered at ∼ 340–350 ◦C
was obtained, indicating the TL component at ∼ 350 ◦C is
the most IR sensitive and is the main source of IR-bleachable
TL peaks, which is in agreement with conclusions of Li and
Li (2011) and Wang et al. (2014). Tsukamoto et al. (2012)
observed a double TL loss peak at 320 and 410 ◦C after IRSL
with a preheat at 250 ◦C for K-feldspar samples but with
the complete absence of the 410 ◦C peak for the polymin-
eral sample. Murray et al. (2009) demonstrated that the main
source of the IRSL signal following a preheat at both 320 and
250 ◦C is an IR-bleachable TL peak at 410 ◦C in K-feldspar,
which is not observed in our sample. A negative TL peak at
low temperature, which is a reflection of phototransfer, in-

dicates the recharging of electron traps during IR stimula-
tion. The phototransfer of charge into low temperature TL
peaks located between 100 and 300 ◦C during IR stimulation
has also been reported by others (Duller, 1995; Murray et
al., 2009; Li and Li, 2011). The main depletion in TL due
to pIRIR occurs at ∼ 320 ◦C for FG polymineral, slightly
higher than that of CG K-feldspar (∼ 310 ◦C). Tsukamoto
et al. (2012) showed that the main TL loss peaks during
pIRIR stimulation at 225 ◦C are situated at lower temperature
for Na-feldspar and polymineral samples (∼ 320 ◦C) but at
higher temperature for K-feldspar samples (∼ 410 ◦C). They
therefore concluded that IRSL and pIRIR signals in polymin-
eral FGs originate mainly from Na-feldspar grains. However,
our results showed the similarity in TL loss peak temperature
(∼ 320 ◦C) for both FG polymineral and CG K-feldspar sam-
ples.

It should be remembered that feldspars are chemically and
structurally complex and display a broad range of composi-
tions, which caused a broad range of thermoluminescence
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Figure 10. Comparison of quartz OSL ages with CG K-feldspar (in
blue) and FG polymineral (in red) pIRIR225 ages. The solid line is
1 : 1 line, and the red dotted lines represent ±10 %.

peaks and luminescence behavior (Duller, 1997). Duller
(1995) showed that the TL signal loss during IR stimula-
tion for 6000 s increased from high potassium to high sodium
contents, and so physical separation of the different types
of the feldspar is necessary. The standard approach to iso-
late a restricted range of mineralogies is density separa-
tion using heavy liquid (Wintle, 1997). K-feldspar miner-
als (2.53–2.56 g cm−3) are separated by heavy liquid (of
density < 2.58 g cm−3) since they are lighter than plagio-
clase (> 2.61 g cm−3) and Na-feldspar (2.58–2.62 g cm−3).
However, it should be noted that other studies (i.e., scan-
ning electron microscopy with energy dispersive X-ray spec-
troscopy, SEM-EDX; X-ray diffractometry, XRD; and induc-
tively coupled plasma optical emission spectroscopy, ICP-
OES) have indicated that Na-feldspar grain contamination
in the K-rich fraction and vice versa is possible (Huot and
Lamothe, 2012; Tsukamoto et al., 2012; Sohbati et al., 2013;
Thiel et al., 2015). Therefore, investigating the mineral com-
position in more detail, e.g., SEM-EDX, may be a powerful
approach to assess the OSL behavior of the samples. If carry-
ing out an assessment of the mineral composition is not pos-
sible, the use of a high temperature preheat, i.e., pIRIR290, is
suggested since similar behavior and stability of the same
signal from the different types of feldspar were observed
(Tsukamoto et al., 2012). However, because of bleaching
problems resulting in large residuals (either in nature or as
laboratory artifacts) and additionally a poor dose recovery of
the pIRIR290 signal (Tsukamoto et al., 2017), the pIRIR290
protocol has to be used cautiously.

As the agreement with quartz OSL is equally satisfactory
for the younger samples, it is difficult to judge which frac-
tion gives the most reliable ages in the higher dose region.
Since the FG polymineral fraction contains different com-
ponents and therefore its signal might include contributions
from other minerals of which luminescence properties are

poorly known (Feathers et al., 2012), preference should be
given to CG K-feldspar as a dosimeter. It is acknowledged
that in our study the obtained ages from different grain size
fractions are in agreement and thus seem equally reliable,
but to facilitate reading, we exclusively use CG K-feldspar
pIRIR225 ages in the following discussion.

4.6 Relation between pedostratigraphy and
luminescence chronology

Figure 12 summarizes the obtained numerical ages from the
investigated loess sections with their pedostratigraphic des-
ignations used by Rösner (1990) and compares these to the
German loess stratigraphic scheme, including the chronology
suggested by Lehmkuhl et al. (2016) and Zens et al. (2018).
It should be noted that all OSL ages from the studied pro-
files are in stratigraphical order, ranging from 18(±1) to
160(±17) ka for KT and 34(±2) to 144(±14) ka for HKH.
This confirms the pedostratigraphic interpretation of Sem-
mel and Stäblein (1971) and Rösner (1990) that both LPSs
mainly represent the Late Pleistocene to Holocene.

The three profiles in Kitzingen capture distinct parts of the
laterally variable outcrop. The youngest OSL samples were
obtained from KTE, exposing loess sediments deposited in a
paleo-depression younger than the LS (Semmel and Stäblein,
1971). The samples (LUM 3266 and 3267) gave an age of
18.2± 1.3 and 20.1± 1.5 ka, respectively, suggesting loess
accumulation during the UPG, specifically during and after
the last glacial maximum (LGM). The UPG is known as the
period with the highest accumulation rate of dust in Europe
during the last glacial (Frechen et al., 2003). Tundra gleys or
the Eltville Tephra (ET) reported from a profile wall 20–30 m
further south (Semmel and Stäblein, 1971; cf. Fig. 2a) were
not clearly visible in the studied profile. Due to the absence
of clear stratigraphic markers, we are unable to evaluate the
reliability of the luminescence ages in more detail.

According to Semmel and Stäblein (1971), KTM contains
the main elements of the Late Pleistocene pedostratigraphy
between PUG loess at the bottom and a thin package of UPG
loess with remnants of the surface soil at the top. The up-
permost sample (LUM 3268) is taken from a ca. 30 cm thick
loess package between the LS and NEZ. The location is be-
low a ca. 1 cm thick brown clayey band of unclear origin
in the middle of this loess layer. The age of 66.7± 6.7 ka
agrees with pedostratigraphic reasoning that this unit rep-
resents LPG (60–72 ka) loess that formed directly after the
NEZ (Lehmkuhl et al., 2016; Zens et al., 2018). Sample
LUM 3269 between the MHZs of the EG period and a well-
developed Bt horizon attributed to the Eemian was dated to
110± 13 ka. This agrees with the stratigraphic assumption
that this horizon represents post-Eemian colluvial deposits
(Semmel and Stäblein, 1971). The loess deposits from the
bottom of KTM, just below the thick Bt horizon assigned to
the Eemian in previous works, yielded an age of 160± 17 ka
(sample LUM 3270) corresponding to the PUG.
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Figure 11. (a, b) TL glow curve from (a) CG K-feldspar and (b) FG polymineral sample LUM 3833 after various IR stimulation; (c, d) lost
TL as a result of IRSL and pIRIR stimulations for (c) CG K-feldspar and (d) FG polymineral sample LUM 3833.

According to Rösner (1990), the KTW section is compa-
rable to parts of KTM with a large erosional gap between the
NEZ and the PUG loess. The uppermost sample (LUM 3271)
dates to 22.6± 1.6 ka, which is in accordance with dating
results from UPG loess just below the recent soil in pro-
file KTE. Sample LUM 3272 from reworked deposits just
above the LS dates to 26.0± 1.9 ka, whereas LUM 3273 be-
low the LS has an age of 59.7± 7.7 ka. It is unlikely that
the weakly developed LS at Kitzingen represents over 30 kyr
of landscape stability. More likely it is the result of poly-
genesis including phases of erosion. The end of LS forma-
tion has been discussed controversially (Terhorst et al., 2015;
Sauer et al., 2016), which is due to chronological insecu-
rities and geographic differences (e.g., paleoclimate, sedi-
mentation rates, paleotopographic position) in landscape re-
sponse to climatic deterioration at the MPG–UPG boundary.
At the Central European high-resolution reference LPS Nus-
sloch, this transition dates to ca. 34 ka (Moine et al., 2017),
which is older than our age. In this context, the resolution
and available data from Kitzingen are insufficient to recon-
struct the local response to suborbital paleoclimatic oscilla-
tions that occurred during the MPG and early UPG (Frechen
and Schirmer, 2011; Lehmkuhl et al., 2016). The loess de-
posits at the bottom of KTW (LUM 3274) date to 149±16 ka,
corresponding to the PUG. This confirms the absence of the

nearby exposed (KTM) Eemian and EG pedocomplexes most
likely due to extensive erosion in the LPG, as stated by Rös-
ner (1990).

At HKH, there is no indication of considerable UPG loess.
The uppermost OSL sample (LUM 3827) yields an age of
34.2± 2.4 ka above pale brown horizons interpreted as LS
II by Rösner (1990). Sample LUM 3828 between LS II and
LS I is only slightly older (39.0± 2.7 ka) but agrees within
error. The age of LS II at HKH agrees well with the LS at the
LPS Nussloch (Moine et al., 2017), an assignment that was
not possible at Kitzingen. The loess below LS (LUM 3829) is
dated to 61.1± 6.5 ka, which is the LPG–MPG transition. It
is unlikely that LS I represents 20 kyr of stable environments
as other Central European LPSs record more intensively de-
veloped soils and/or soils higher in number (Lehmkuhl et
al., 2016). Erosion apparently reduced the early to middle
MPG record of HKH.

LUM 3829 and LUM 3830 (64.6±6.9 ka) enclose the NEZ
layer, which agrees with the pedostratigraphic assignment of
this colluvial horizon to the LPG (Lehmkuhl et al., 2016).
Similar to the obtained age of early glacial deposits from the
KTM profile, which is enclosed by MHZs and the Eemian
Bt horizon, the samples LUM 3831 and 3832 yield ages of
93.0± 10.4 and 107± 12 ka, respectively, and thus can be
assigned to the EG period. The upper of these two ages is
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Figure 12. Fading-corrected CG pIRIR225 ages and correlation of the studied profiles in comparison to German loess stratigraphy and
approximate ages (Lehmkuhl et al., 2016) with partly updated ages by Zens et al. (2018) in italics. For a legend and further abbreviations,
the reader is referred to Fig. 2.

outside the range of the post-Eemian colluvial layer; there-
fore, we tentatively correlate the MHZ at HKH to the mid-
dle MHZ of the German pedostratigraphy. The lowermost
sample of HKH (LUM 3833) from loess sediments below
the well-developed Eemian Bt horizon dates the PUG period
and therefore confirms the chronostratigraphic assumptions
based on German loess stratigraphy (Rösner, 1990). Never-
theless, numerical age determinations are of uppermost im-
portance in LPS studies as there may be significant differ-
ences between pedostratigraphic assumptions and ages ob-
tained (e.g., Steup and Fuchs, 2017; Stevens et al., 2018).

5 Conclusions

The main aim of this study was to test the application of
both FG polymineral and CG K-feldspar pIRIR225 dating to
LPSs in Lower Franconia, southern Germany. Chronostrati-
graphic schemes from these sites relied entirely on pedos-
tratigraphic assumptions based on the German loess strati-

graphic scheme. This study provides the first OSL ages from
LPS in Lower Franconia, which are in stratigraphic order and
agree well with previous chronostratigraphic designations.
The good agreement of the obtained ages from two different
grain size fractions increases our confidence in the reliabil-
ity of the derived ages, as further confirmed by comparison
with some quartz blue OSL ages. Although the obtained ages
from both grain size fractions are consistent, the different
growth pattern of DRCs and correspondingly different sat-
uration characteristics of fine and coarse grains are observed.
Based on these results, we suggest caution in dating samples
with equivalent doses in the nonlinear part of the DRC.

On the basis of the results obtained from TL experiments,
the IRSL in FG polymineral and CG K-feldspar behaves sim-
ilarly and hence likely shares most of their luminescence
characteristics. However, the different luminescence behav-
ior among FG and CG samples due to the different mineral
composition is possible. We therefore give preference to us-
ing CG K-feldspar extracts, which mostly have particular
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minerals with well-known luminescence properties. In the
absence of coarse fractions, the mineralogical composition
of polymineral fine fractions would need to be investigated
in order to identify different components and subsequently
select the most appropriate protocol, e.g., high temperature
preheat for an FG sample which is dominated by Na-feldspar
grains.
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otrowska, N., Krawczyk, M., and Skurzyński, J.: Lumines-
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