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Abstract
The Quaternary filling of the Upper Rhine Graben is an excellent archive to reconstruct sediment dynamics in response to 
climate change, in particular related to past glaciations of the Swiss Alpine Foreland. Here, a sediment sequence recovered by 
drilling for exploration purposes near Kronau is investigated, using a combination of sedimentological logging, provenance 
studies (heavy minerals and clast petrography), and luminescence dating. Several phases of coarse sediment aggradation 
are identified that possibly correlate to Marine Isotope Stages (MIS) 12 (478–424 ka), 10 (374–337 ka), 8 (300–243 ka), 6 
(191–130 ka) and/or 4 (71–57 ka), and 2 (29–14 ka). Several of these phases have previously also been reported from cores 
recovered in the major Quaternary depo-centre near Heidelberg. This suggests that the observed coarse aggradation in the 
Upper Rhine Graben can be assigned to various glaciations in northern Switzerland: Möhlin (MIS 12), Habsburg (MIS 10 
or 8), Beringen (MIS 6), an unnamed glacial advance during MIS 4, and Birrfeld (MIS 2). However, due to the limited data 
available, this hypothesis and the suggested correlations require further confirmation by applying the approach presented 
here to further cores from the Upper Rhine Graben.

Keywords Upper Rhine Graben · Quaternary · Fluvial sediment · Provenance · Heavy mineral analyses · Luminescence 
dating

Introduction

During the Quaternary, changes of the Earth orbital param-
eters induced climate modifications with led to temporally 
widespread glaciations in large parts of the planet (e.g., 

Ehlers and Gibbard 2007). In addition to major impacts on 
the biosphere, this caused substantial changes in geo-pro-
cesses on the Earth surface. For example, physical weath-
ering and glacial erosion during cold periods produced a 
major increase of debris available to the sedimentary sys-
tems, with important degradation of mountain ranges and 
debris flux into the foreland (e.g., Leeder et al. 1998). While 
this phenomenon has been studied intensely for the Alps and 
its related drainage network (e.g., Hinderer 2001), several 
questions remain open with regard to the exact timing of 
Quaternary glaciations and their impact on fluvial systems. 
For the Eastern Alps, van Husen and Reitner (2011) follow 
the scheme of Penck and Brückner (1901–09) and identify 
four major glaciations during the Middle and Late Pleisto-
cene (Günz, Mindel, Riss, Würm). In contrast, Preusser et al. 
(2011) discuss evidence for a maximum of eight glaciations 
during the Early Pleistocene (2580–770 ka; ‘Deckenschotter 
Glaciations’) and at least four, possibly even seven glacial 
advances reaching the Swiss lowlands during the Middle 
and Late Pleistocene (< 500 ka). However, deciphering the 
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glacial stratigraphy in different parts of the foreland of the 
Alps is hampered by the fact that the sedimentary record is 
often incomplete in proximal positions. A better preserva-
tion potential of depositional sequences is to be expected 
for subsiding basins in more distal parts of the sediment 
routing systems (e.g., Nádor et al. 2003; Garzanti et al. 2011; 
Gabriel et al. 2013).

One such subsiding basin is the Upper Rhine Graben 
(URG), located to the NW of the Alps. Since its formation, 
it acts as the major depo-centre of erosional debris origi-
nating from the Western (Swiss) Alps as well as from the 
Jura, the Black Forest, and the Vosges mountains (Fig. 1). 
Hence, analysing the Quaternary sedimentary record of the 
URG can contribute to an improved understanding of the 

environmental history of the entire region, when glaciations 
triggered major erosion in the above-mentioned mountain 
ranges with related debris transfer into the graben. Besides 
the scientific interest in understanding past environments 
and sculpturing of the Earth surface, unravelling the gla-
ciation history is also relevant for applied aspects such as 
the stratigraphic architecture and resulting hydrogeological 
conditions in the URG that supplies more than three million 
people in France and Germany with drinking water (e.g., 
Thierion et al. 2012).

Presented here are the results of investigating an 80 m 
long sediment core drilled nearby Kronau, SW Germany. 
We first provide a short review of the general scheme of 
sedimentary dynamics and the Cenozoic history of the URG, 

Fig. 1  a Location of the European Cenozoic Drift System. b Over-
view of the geological context of the Upper Rhine Graben. Data 
source: SRTM 2007 and GTOPO30 HYDRO1K 2000. Ks Kaiser-
stuhl, LRE Lower Rhine Embayment. c Map showing the thickness 
of unconsolidated sediments and the location of key drilling sites of 

the Heidelberg Basin Drilling Project (Heidelberg Uni Nord, Käfer-
tal, Ludwigshafen, Viernheim) as well as the position of the Kronau 
borehole that is investigated in this study (sediment thickness after 
GeoORG-Projektteam 2013)
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followed by summarising the lithostratigraphy of the core 
with petrographic analyses, and the results of luminescence 
dating that were used to constrain the ages of depositional 
phases. The latter topic requires detailed attention as some 
of the sediments are close to the upper dating limit of the 
method. The observations are compared with evidence from 
the Heidelberg Basin Drilling Project (e.g., Gabriel et al. 
2013), and are discussed in the context of regional glacia-
tions and related sediment dynamics. This study is a further 
step towards understanding the complex Plio-Pleistocene 
sedimentary architecture of the URG. Previous studies have 
mainly relied on lithostratigraphic approaches, were the tim-
ing of changes is not of first-order importance and had a 
focus limited to the URG itself. Presented here is the first 
attempt to link Quaternary aggradation in the URG to the 
chronology of glaciations in Switzerland, which has been 
the main source of debris supply throughout the Quaternary. 
Potential correlations with marine isotope stratigraphy and 
glacial records outside the drainage area are also discussed, 
by this placing the observations from the URG in a wider 
environmental context.

Geology of the Upper Rhine Graben

Tectonic context

The URG is a 350 km long and up-to 50 km wide SSW-NNE 
striking basin structure and part of the European Cenozoic 
Rift System that stretches from the Mediterranean Sea via 
the Rhône-Bresse Graben towards the Lower Rhine Embay-
ment (Ziegler 1994; Fig. 1a). The shoulders of the URG 
are formed by an uplifted Variscian basement with mainly 
Mesozoic sediment cover, in particular the Lower Triassic 
(‘Buntsandstein’). The eastern side of the graben shoulder 
forms the Black Forest and the Odenwald that are separated 
by the Kraichgau Depression. The western graben shoul-
der comprises the Vosges and Palatinate Forest (Fig. 1b). 
Upstream, the URG is connected to the Alpine foreland 
through the Hochrhein Valley that follows the margin of 
the Jura Mountains and the Black Forest from East to West. 
The northern edge of the URG is represented by the triple 
junction of the Mainz Basin and borders the Rhenish Massif.

Rifting and associated deposition in the graben started 
in Middle Eocene times (e.g., Illies 1974; Hüttner 1991) 
and lasts until today (e.g., Peters and van Balen 2007; Wei-
denfeller and Kärcher 2008). During the Late Neogene, the 
tectonic stress field was modified from E–W (parallel rift-
ing) to NE–SW (oblique rifting), which led to a sinistral 
transpressional tectonic movement (Illies 1977; Laubscher 
2001; Giamboni et al. 2004). This modern stress field has 
largely controlled the distribution and thickness of sediments 
within the graben, including erosion on uplifted tectonic 

blocs within the graben and at its shoulders (GeORG-Pro-
jektteam 2013). The maximum thicknesses of more than 
800 m of Plio-Pleistocene sediments occurs within the Hei-
delberg Basin (Bartz et al. 1982; GeORG-Projektteam 2013; 
Fig. 1c). Around Heidelberg, Cenozoic sediments reach a 
total thickness of more than 4000 m (GeORG-Projektteam 
2013), of which more than 500 m are attributed to the Qua-
ternary (Gabriel et al. 2013).

Sedimentary system

The URG is affected by regional to local-scale tectonic 
movements that determine available accommodation space 
and can modify the surface gradient (Gabriel et al. 2013). 
In addition, the volume and grain-size of debris supplied 
from upstream reaches of the River Rhine and its tributaries 
as well as the capacity to route this debris through the URG 
is directly and indirectly affected by climate-related factors, 
such as, among others, discharge variability, weathering 
intensity, and vegetation density. These factors have var-
ied during the Quaternary and the longer-term sedimentary 
dynamics can be described by the variation between two 
endmembers, an overall depositional mode, and an overall 
incisional mode.

During the depositional mode, the headwaters are glaci-
ated and the origin of the entire Rhine system (i.e., the origin 
of glacial meltwater discharge and debris release) shifts from 
the Alps towards the Jura Mountains, hence to a more proxi-
mal position with regard to the URG. Related to this mode is 
a high debris supply to the system from physical weathering 
(frost shattering) on unglaciated slopes, in combination with 
increased subglacial bedrock erosion and/or reworking of 
older unconsolidated sediments. This way, ice flow related 
to glacial advances delivers large quantities of dominantly 
coarse (sand and gravel) and poorly rounded clasts from the 
Alps to the foreland and the proximal drainage network that 
emerges from the glacier terminus.

This depositional mode is best characterised by the last 
major ice advance that lasted from ca. 30 to 18 ka (Preusser 
et al. 2011; Gaar et al. 2019). Temperature reconstructions 
from northern Switzerland for the time just preceding the 
onset of the last glaciation indicate mean summer tem-
peratures between 8 °C and 12 °C, whereas mean winter 
temperatures have been estimated to between − 21 °C and 
− 14 °C (Jost-Stauffer et al. 2001). This is supported by 
reconstructions from the adjacent Alpine foreland of eastern 
France with mean July temperatures of about 9 °C for the 
period 30 ka to 18 ka (Ampel et al. 2010), implying strong 
and likely long winters with limited water availability, alter-
nating with summers warm enough to produce substantial 
amounts of meltwater. Consequently, during such times the 
river system must have been characterised by high debris 
load, short-lived pulses of high flow related to meltwater 
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events, but limited long-term transport capacity. Glacioflu-
vial outwash deposits of braided river style, related to such 
conditions, have been investigated in detail in the Hochr-
hein Valley (Fig. 1c) and the southernmost part of the URG 
(Siegenthaler and Huggenberger 1993; Huggenberger and 
Regli 2006; Kock et al. 2009). These comprise mainly pool, 
channel, and sheet flow deposits, whereas floodplain and 
bar deposits are mostly absent and were likely eroded by 
high discharge events associated to a laterally dynamic chan-
nel system (Siegenthaler and Huggenberger 1993). As the 
Hochrhein Valley is restricted to a maximum width of a few 
kilometres, it represents a bottleneck for debris through-
pass. This caused accumulation of up to 30 m of sediment 
in the Hochrhein Valley during the last glaciation, and the 
development of a fan-like structure at the southern edge of 
the URG, reflecting the strong climate- and glacier-driven 
aggradation tendency. Aggradation also dominated the flu-
vial system downstream over the entire length of the URG 
with a trend of decreasing medium and maximum grain-size 
from the south (mainly gravel) towards the north (mainly 
sand) (Kock et al. 2009; Przyrowski and Schäfer 2015).

In contrast, the incisional mode is characterised by rather 
low debris supply to the fluvial system, caused, firstly, by 
low production on the hillslopes (less pronounced frost 
shattering) and decreased connectivity and transfer to the 
drainage pathway (due to a dense vegetation cover) during 
warmer climate. Secondly, most coarse debris is stored in 
peri-Alpine lakes (e.g., Lake Constance) that formed at the 
end of the glacial period, forming a major sink for debris 
originating from the Alps (Hinderer 2001). Hence, further 
downstream in the URG, the fluvial system has a high trans-
port capacity, in particular during the transition from the 
glacial mode when large quantities of meltwater are avail-
able from decaying ice.

Until the onset of human interference in the nineteenth 
century, the entire URG fluvial system was in the incisional 
mode and characterised by erosion of sediment deposited 
during the preceding glacial periods. The result was a maxi-
mum of 30 m of steplike, vertical incision in the Hochrhein 
area (Kock et al. 2009), located just upstream of the URG, 
and still ca. 5 m of incision in the Mainz Basin, which is 
located ca. 300 km to the north (Erkens et al. 2009). In the 
southern part of the URG, this caused the dynamic redis-
tribution of substantial amounts of coarse fluvial sediment 
since the Late Glacial, well documented by radiocarbon-
dated oak trunks and luminescence-dated sediments of 
braided river style, reflecting generally high debris load 
(Kock et al. 2009). With the declining influence of sedi-
ment redistribution and the lower valley gradient further 
downstream, the River Rhine adopted anastomosing chan-
nel patterns that gradually change to a meandering style 
further north. Here, the glacial aggradation surface formed 
across the entire width of the URG but is mainly preserved 

as remnants of the Low Terrace near the graben shoulders 
today (Erkens et al. 2009). This terrace comprises sandy 
and gravelly channel sediments deposited by a braided river, 
expressing the distal facies of the outwash deposits. Step-
wise incision into this terrace level is still difficult to con-
strain accurately with regard to timing but must have started 
after ca. 20 ka in the northern URG (Dambeck 2005).

The fact that a terrace sequence developed both in the 
Hochrhein/southern URG area and in the northern URG/
Mainz Basin is not fully understood, as correlations remain 
uncertain. Nevertheless, a combination of allogenic and 
autogenic controlling factors and site-specific characteristics 
such as preservation potential and tectonic background situ-
ation has been generally suggested as a potential explanation 
(Erkens et al. 2009). In fact, a spatially discontinuous and 
temporally non-uniform scenario for incision in the URG 
seems highly plausible given that (i) erosional thresholds in 
the various parts of the URG can be expected to vary with 
changing grain-size and gradient across the length of the 
URG, and (ii) downstream debris supply, and thus trans-
port capacity, is directly coupled to sediment remobilisation 
further upstream. The entire system is further modified by 
erosion and debris supply from tributaries of different vol-
ume and with catchment characteristics with regard to size, 
gradient, bedrock geology etc.

Regardless of the detailed progression of the erosional 
history along the URG, aggradation across the entire width 
of the graben structure (perpendicular to the graben axis) 
during the last glaciation suggests that a model linking 
upstream glaciation in the Alps with pronounced pulses of 
aggradation in the URG should also be valid for preced-
ing glaciations. Periods of incision and tectonic movements 
undoubtedly had an influence on the preservation potential 
of older sediments and, thus, the overall Quaternary strati-
graphic framework of the URG is likely discontinuous in 
most parts of the graben. As a consequence, preservation 
of older glaciofluvial deposits related to Pleistocene glacia-
tions will likely be limited to strongly subsiding areas, such 
as the Heidelberg Basin, and a range of locations close to 
the graben shoulders.

Sedimentary filling

Given the tectonic setting, geologic research in the URG 
mainly relies on geophysical and borehole data (e.g., 
Przyrowski and Schäfer 2015). Using a hydrogeological 
approach, Bartz et al. (1982) established a simple strati-
graphic scheme of Plio-Pleistocene deposits distinguishing 
between coarse (aquifers) and fine layers (aquitards; Fig. 2). 
In this scheme, the coarse gravel layers are assigned to cold 
(glacial) climatic conditions (braided rivers), while the fine-
grained layers are expected to represent interglacial condi-
tions (meandering rivers sensu lato). Sediment-petrographic 
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investigations based on heavy mineral analysis show that 
most of the Pliocene graben fill was derived from the graben 
shoulders (Hagedorn and Boenigk 2008). A distinct shift in 
heavy mineral assemblages indicates the connection of the 
Alpine Rhine/Aare system to the URG during the Latest 
Pliocene (Boenigk 1987). This is in accordance with gen-
eral observations regarding the fluvial history of the entire 
Rhine/Aare system (Petit et al. 1996; Boenigk and Frechen 
2006; Kemna 2008; Preusser 2008).

A more recent integrated approach led to the formal defi-
nition of lithostratigraphic units for the URG (Ellwanger 
et al. 2003; LithoLex 2011; Fig. 2). The initial scheme was 
developed further during the Heidelberg Basin Drilling Pro-
ject that investigated scientific boreholes at Heidelberg, Lud-
wigshafen, and Viernheim (Gabriel et al. 2008, 2013; LGRB 
2012; Fig. 1c). The lowermost Plio-Pleistocene formation 
in the entire URG (Iffezheim Formation), is characterised 
by carbonate-free gravel and fine-grained sediments of non-
Alpine provenance, usually bleached and with a kaolinitic 
matrix (Hagedorn and Boenigk 2008). All along the URG 
this basal unit is overlain by carbonate-bearing clastics of 
Alpine origin or at least mixed Alpine and local provenance. 
Only in marginal positions and in deeply incised valleys of 

the graben shoulders the Quaternary debris may lack Alpine 
input and is, in this case, then also carbonate free (Ellwanger 
et al. 2012). In the southern URG the Iffezheim Formation 
is overlain by the coarse-grained Breisgau and Neuenburg 
Formations. These regularly (but not always) show typical 
Rhenish Facies heavy mineral assemblages with a predomi-
nance of garnet, epidote and alterite, accompanied by the 
Alpine marker mineral green hornblende. In the northern 
URG, deposits above the Iffezheim Formation are repre-
sented by the Viernheim and Mannheim Formations, like-
wise usually bearing a Rhenish Facies of heavy minerals. 
In the Heidelberg Basin, these sediments are separated by 
finer-grained sediments of the Ludwigshafen Formation. 
In intermediate positions, sediments of the Iffezheim For-
mation are overlain by only one lithostratigraphical unit of 
medium-grained, mixed Alpine and local gravel termed 
Ortenau-Formation. Correlation of the southern and north-
ern stratigraphic units is not straightforward. This is due to, 
firstly, the decreased preservation of Alpine material with 
progressive transport distance and, at the same time, the rel-
ative increase of local debris input. Secondly, the influence 
of tectonic block movement on the deposition pattern also 
increases towards the north (GeORG-Projektteam 2013).

Fig. 2  Stratigraphic schemes established for the URG compared to 
the glaciation record of northern Switzerland. Please note that the 
system by Gabriel et  al. (2013) was developed for the Heidelberg 
Basin and does not reflect the stratigraphy of the southern and north-

ern parts of the URG. B/M = Brunhess/Matuyama; M/G = Matuyama/
Gauss magnetic boundaries (after Scheidt et  al. 2015). The position 
of the Holsteinian is based on Hahne et al. (2012) and is discussed in 
the text
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Chronology of Quaternary deposition

The Iffezheim Formation is mainly characterised by contain-
ing Tertiary to Early Pleistocene (‘Tiglian’) pollen assem-
blages (Gabriel et al. 2013). However, in the core Etten-
heim even Middle Pleistocene pollen assemblages have 
been observed (Weidenfeller and Knipping 2008; Hahne 
et al. 2012). Heavy mineral assemblages are of local origin, 
an input from the Alps is lacking (Hagedorn and Boenigk 
2008). In the Heidelberg Basin, Scheidt et al. (2015) inter-
pret that the top of this formation belongs to the geomagnetic 
Gauss Chron (3.56–2.58 Ma). However, the differentiation 
of the Iffezheim Formation from stratigraphically younger 
units is based on provenance rather than age (Ellwanger 
et al. 2012). Pollen assemblages of the overlying Viernheim 
Formation imply a correlation with the Early to Middle 
Pleistocene (Ellwanger et al. 2008; Knipping 2008; Gabriel 
et al. 2013). According to Scheidt et al. (2015) the Brunhes-
Matuyama (B/M) magnetic boundary, recently consistently 
dated to 772 ± 7 ka (Valet et al. 2018) and 776 ± 14 ka (Gha-
leb et al. 2019), is located in the upper-most part of the Vier-
nheim Formation. Palynological investigations of fragmen-
tary sequences have allocated the Holsteinian Interglacial 
(ca. 424–374 ka; cf. Lauer and Weiss 2018) to the upper 
part of the Ludwigshafen Formation, whereas the middle 
and lower part are likely of Cromerian age (Ellwanger et al. 
2008; Hahne et al. 2012; Gabriel et al. 2013). Accordingly, 
the Mannheim Formation would comprise the final part of 
the Middle as well as the entire Late Pleistocene. Consist-
ently, Menzies and Ellwanger (2012, 2015) deduced from 
mircomorphological analyses that the Mannheim Forma-
tion shows clear indications of, at least, four distinct climate 
changes.

As a direct geochronological approach, luminescence dat-
ing has been applied to the Viernheim core (Fig. 1c), where 
Lauer et al. (2010) identify a major phase of aggradation 
within the Mannheim Formation correlating to Marine Iso-
tope Stage (MIS) 4–3 (ca. 60–40 ka). Li et al. (2018) confirm 
this age of the upper Mannheim Formation in the Heidelberg 
core based on two quartz ages. As most Middle Pleistocene 
sediments are beyond the dating limit of quartz, Lauer et al. 
(2011) applied infrared radiofluorescence (IR-RF) to feld-
spars yielding ages between 288 ± 19 ka and 643 ± 28 ka. 
However, Li et al. (2018) state that these ages are underes-
timated due to signal loss (fading). Instead, Li et al. (2018) 
used the post Infrared—Infrared Stimulated Luminescence 
(pIR) protocol, in which Infrared Stimulated Luminescence 
is first stimulated at 50 °C (IRSL or IR-50) followed by a 
second stimulation at 225 °C (pIR-225). In storage tests, Li 
et al. (2018) observed signal loss for both IR-50 and pIR-225 
that was corrected using two fading correction models. By 
this, ages of 400–500 ka were determined for the middle and 
upper part of the Ludwigshafen Formation.

Interestingly, none of the cores from the Heidelberg 
Basin (Fig. 1c) reveal directly dated evidence for deposi-
tion during the latest part of the Middle Pleistocene (MIS 
6; ca. 185–130 ka). This period is expected to represent a 
major glaciation of the Alps, known as Rissian (e.g., Dop-
pler et al. 2011; Ellwanger et al. 2011; van Husen and Reit-
ner 2011) but named Beringen in Switzerland (Graf 2009; 
Preusser et al. 2011). This extensive glaciation should have 
led to increased debris flux into the URG. The question 
regarding the presence of MIS 6 deposits will have impli-
cations regarding the sedimentary architecture in the entire 
URG, in particular as local tectonics will have played an 
important role with regard to sediment accumulation and 
preservation (Ellwanger et al. 2008). However, while the 
Viernheim sequence seems to imply the absence of MIS 
6 deposits (Lauer et al. 2010, 2011; Gabriel et al. 2013), 
there are yet undated sections in both the Heidelberg (Uni 
Nord 1) and Ludwigshafen (P34) cores. Altogether, these 
recent observations challenge the simple and generalised 
model commonly used in applied geology (Bartz et al. 
1982; Fig. 2) and imply that further sediment cores with 
solid chronology are needed from around the URG towards 
a more complete understanding of the complex pattern of 
Quaternary sedimentation.

Study site

The core presented and analysed in this study was 
extracted near Kronau, located close to the eastern mar-
gin of the northern URG. The site is located just about 
20 km south of the southernmost borehole of the Heidel-
berg Basin Drilling Project (Fig. 1b). The tectonic setting 
of the Kronau area comprises a complex mosaic of distinct 
blocks, and the thicknesses of Plio-Pleistocene deposits 
can vary considerably over short distances (Bartz et al. 
1982). Hahne et al. (2012) report palynological analyses 
on two cores (MKL/04 and GWM M3) located near Kro-
nau, about 2300 and 3000 m from the drillsite of the core 
presented here, respectively, but both located on another 
tectonic block with stronger subsidence during the Pleis-
tocene (Ellwanger et al. 2012). Borehole MKL/04 reached 
a total depth of 136 m within sediments assigned to the 
Viernheim Formation that bear pollen assemblages below 
84 m depth that have been assigned to the Bavel Complex, 
which represents an Early Pleistocene period comprising 
several warm phases (Zagwijn 1985, 1992). Pollen sam-
ples from borehole GWM M3 (total depth 35 m, Ludwig-
shafen Formation) showed assemblages assigned to the 
Holsteinian Interglacial at a depth between 26.2 and 25 m. 
Further down-section, sediments are interpreted to be of 
Cromerian age (32.0–34.7 m) based on palynology.
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Methods

Logging and laboratory analyses

Drilling was carried out for exploration purposes in April 
2007 within the gravel pit of Klaus Reimold Gmbh in Bad 
Schönborn near Kronau (R: 3,473,145, H: 5,452,487, 
110.8 m) to a final depth of 80 m (LGRB archive num-
ber 6717-1249). The recovered core material was stored 
in protective wooden boxes on location after the drilling. 
Logging was carried out in February 2016 on-site fol-
lowing EN ISO 14688–1:2002. Besides standard grain-
size classification, the maximum grain diameter (b-axis) 
in each metre was recorded. Furthermore, for the gravel 
and coarse sand fraction roundness was assessed (class 1: 
very angular, 2: angular, 3: subangular, 4: subrounded, 5: 
rounded, 6: well rounded). Carbonate content was esti-
mated using 10% HCl (no reaction = carbonate free; weak 
reaction = carbonate bearing; strong and lasting reac-
tion = high carbonate content). Samples were taken for fur-
ther laboratory analyses, including determination of dry-
colour using Munsell soil charts. In addition, petrography 
was semi-quantitatively estimated for the gravel fraction.

For grain-size analyses, wet-sieving following stand-
ard procedures was carried out for the sand and gravel 
fraction (sieves: 16 mm, 8 mm, 6.3 mm, 4 mm, 2 mm, 
1 mm, 630 μm, 400 μm, 200 μm, 125 μm). Large clasts 
(> 16 mm) were measured by hand (b-axis), whereas the 
fraction < 125 μm (fine fraction: fine sand and mud) was 
not further distinguished for the majority of samples. Ten 
samples were prepared and analysed for heavy mineral 
content following Boenigk (1983), by counting 100 trans-
parent mineral grains.

Luminescence dating

Luminescence dating utilises a signal in quartz and feld-
spar grains that is erased (bleached) during daylight expose 
and accumulates during burial through the interaction of 
ionising radiation with the crystal lattice (cf. Preusser 
et al. 2008). The method comprises a series of approaches 
that target signals with different bleachability and stabil-
ity. For dating, the amount of radiation absorbed by the 
mineral grains since deposition (Equivalent Dose:  De) is 
quantified through comparison with laboratory-induced 
radiation. The second value to be determined for age cal-
culation is the dose rate, i.e. the level of radiation in the 
natural environment of the sample. This is mainly derived 
from the concentration of naturally occurring radioactive 
elements (K, Th, U), but is modified by other factors such 
as sediment moisture (cf. Preusser et al. 2008).

Quartz Optically Stimulated Luminescence (OSL) has 
the advantage that the signal resets fast and is stable over 
geological timescales. The disadvantage is that quartz 
from some regions shows problematic signal properties, in 
particular when derived from freshly weathered crystalline 
rocks (Preusser et al. 2009). Indeed, previous studies from 
the middle URG have reported problematic behaviour of 
quartz (Lauer et al. 2010; Preusser et al. 2016). Feldspar 
usually emits strong IRSL signals but the signal resets 
slightly slower than quartz OSL, i.e. it requires longer day-
light exposure, hence a longer transport path. IRSL often 
also shows instability over geological time periods, a phe-
nomenon named anomalous fading (cf. King et al. 2018). 
The problem of fading can be reduced or even eliminated 
by applying a second elevated temperature readout after 
the first IRSL (IR-50) measurement (cf. Li et al. 2014). 
This technique is called post-IR IRSL (pIR) and comprises 
different approaches using different stimulation tempera-
tures; the higher the stimulation temperature, the more 
stable the signal but at the cost of the time required to 
reset the signal. Furthermore, high thermal treatment may 
change the samples’ IRSL sensitivity and cause incorrect 
De assessments (e.g., Chen et al. 2013). In summary, while 
luminescence dating has a high potential to enlighten the 
depositional history of the URG, the method is associated 
with several problems. It is hence feasible to compare dif-
ferent luminescence approaches in one study to evaluate 
the reliability of the dating results.

In this study, sampling for luminescence dating was car-
ried out on the sandy parts of the cores that appeared undis-
turbed and where the material was presumably directly trans-
ferred from the drill-head into the wooden boxes. Limited 
preservation prevented sampling of some parts that appeared 
interesting to date from the stratigraphic point of view. Dur-
ing the night and by using red-headlights, the selected sec-
tions were sampled after removal of the outermost 5 cm 
of sediment, and obtained material was transferred to the 
laboratory using light-proof bags. Preparation for  De meas-
urement included sieving (100–150 µm), removal of carbon-
ates (10% HCl) and organic material (30%  H2O2), as well 
as density separation of a quartz and feldspar fraction using 
heavy liquids (Na-polytungstate). The quartz fraction was 
etched in 40% HF (1 h), to remove the remaining feldspar 
and the outer rim of the quartz grains, followed by 10% HCl 
treatment (> 1 h, to dissolve fluorites). In this study, quartz 
OSL was used together with two pIR protocols, one using 
stimulation of 225°c (pIR-225) and the other stimulation at 
290 °C (pIR-290).  De was determined by modified Single 
Aliquot Regenerative Dose (SAR) protocols for both quartz 
and feldspar (Table 1) using a Lexsyg Smart device (Richter 
et al. 2015).

For quartz, we observe substantial problems with sig-
nal properties, i.e. low OSL response and/or evidence for 
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feldspar contamination (Fig. 3a). The latter is detected by the 
IR-depletion test integrated into the SAR protocol (Duller 
2003) and the majority of measured aliquots had to be 

discarded accordingly. Only for sample KRN2Q a sufficient 
number of aliquots with well-behaving OSL signals could 
be accepted (10 out 80 measured; Fig. 3b). As screening 

Table 1  SAR protocol used in this study. (1) omitted during first 
cycle; (2) stimulation with blue light (458  nm LED, 50 mW  cm−3) 
at 125 °C for 35 s; detection window centred at 365 nm: Hoya U-340 
filter (2.5 mm) in combination with a Delta BP 365/50 EX-Interfer-

ence filter (5 mm); (3) stimulation with IR light (850 nm LED, 230 
mW  cm−3) 120 s; detection window centred at 410 nm: Schott BG39 
filter (3 mm) in combination with AHF BrightLine HC 414/46 Inter-
ference filter (3.5 mm)

Step Quartz OSL pIR-225 pIR-290

1 Regeneration dose (1) Regeneration dose (1) Regeneration dose (1)
2 Preheat at 230 °C for 10 s Preheat at 250 °C for 10 s Preheat at 250 °C for 10 s
3 OSL measurement (2) IRSL (3) at 50° (IR-50) IRSL (3) at 50° (IR-50)
4 Test dose IRSL (3) at 225° (pIR-225) IRSL (3) at 290° (pIR-225)
5 Preheat at 230 °C for 10 s Test dose Test dose
6 IRSL (3), only last cycle Preheat at 250 °C for 10 s Preheat at 250 °C for 10 s
7 OSL measurement (2) IRSL (3) at 50° IRSL (3) at 50°
8 Start new cycle IRSL (3) at 225° IRSL (3) at 290°
9 Start new cycle Start new cycle

Fig. 3  Examples of typical luminescence characteristics of the sam-
ples. a Poorly behaving quartz OSL with different decay shape of nat-
ural and irradiated signal as well as (inset) significant signal depletion 
during the IR test. b Well-behaving quartz OSL with similar natural 
and irradiated OSL decay; (inset) dose–response is almost linear. a 

and b are two representative aliquots of KRN2Q. c Strong pIR-225 
response as recorded for KRN9F. The dose–response (inset) curve 
approaches but does not reach saturation. d Response of pIR-290 with 
the natural (inset) being higher than the apparent laboratory satura-
tion level of KRN9F
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indicated that quartz is in saturation for the samples taken 
below 13 m, we obtained only one OSL age for the entire 
sequence. Contrarily, feldspar shows a strong signal response 
(Fig. 3c, d). The applied procedure returns two age estimates 
for each of the applied protocols, one for the initial IRSL 
measurement at 50 °C (IR-50) and one for the following 
second stimulation at elevated temperature (pIR). For the 
three samples from the upper part of the sequence (KRN1-
3), 24 aliquots were measured for pIR-225. Considering the 
good reproducibility, the number of replicate measurements 
was reduced to 12 for pIR-290. For samples from the lower 
part of the core (KRN4-9), we had to further reduce the 
number of replicates to nine for pIR-225 and to three for 
pIR-290 (these are all in saturation). For the dose–response 
curves, we applied fitting using the sum of two exponential 
saturating functions, as this best describes the shape of the 
curves. De values of all samples are below 2D0, a measure 
of signal saturation, which implies samples should be in the 
range of dating (Wintle and Murray 2006). Due to the pres-
ence of narrow and Gaussian-like De distributions with quite 
low overdispersion (Fig. 4), the Central Age Model (CAM, 
Galbraith et al. 1999) as used for calculation of mean De for 
all approaches but pIR-290 (see below).

A series of experiments were carried out to characterise 
the performance of the different luminescence signals and 
by this contributing towards examining the reliability of the 
dating results. In dose recovery experiments, it is tested how 
well the measurement procedure can reproduce a labora-
tory given radiation dose. For this purpose, samples were 
exposed to an Osram Ultra-Vitalux (UV) lamp for 100 h 
to remove the inherent luminescence signal in the feldspar 
grains. Samples were then exposed to a radiation dose of 
30 Gy (KRN2) and 500 Gy (KRN7) whereupon the two dif-
ferent SAR protocols where tested. The ratio of the applied 
and calculated doses is called dose recovery ratio and would 
ideally be 1.00.

As the different luminescence signals require different 
times to reset, a bleaching experiment was carried out for 
three of the samples (KRN1, 3, 9), in which a set of three 
aliquots each where exposed to the UV lamp for 1, 10, and 
100 h, after which the apparent residual dose was measured.

Finally, storage test for samples KRN2 and KRN7 were 
conducted on aliquots previously used for the dose recovery 
tests to estimate fading rates in two slightly different experi-
ments (three aliquots each). In the first, the signal loss was 
monitored by repeating three cycles of delayed Lx/Tx meas-
urements with delay times of 100, 1000, and 10,000 s. In 
the second experiment, again three cycles of delayed Lx/Tx 
measurements were used but with delay times of 3600, 9000, 
18,000, and 36,000 s. The results of all experiments are dis-
cussed below.

Samples for dose rate measurements (ca. 200 g) were 
dried and measured for the concentration of K, Th and U 
by high-resolution gamma spectrometry (cf. Preusser and 
Kasper 2001). Alpha efficiency values were assumed at 
0.07 ± 0.02 for feldspar, while for quartz the outer layer 
was removed during etching. Potassium content of feldspar 
was taken at 12.5 ± 1.0% (Huntley and Baril 1997). Water 
content was assumed at 20 ± 10% representing values close 
to saturation for this type of sediment (Saxton and Rawls 
2006). The same value was also used by Li et al. (2018) 
for sediments of similar facies and setting from the Heidel-
berg Basin. Dose rates were calculated using ADELEv2017 
(Degering and Degering 2020; add-ideas.de), taking into 
account longitude, latitude, and sample depth for cosmic 
dose rate (Prescott and Hutton 1994). The dosimetric data 
are compiled in Table 2.

Results

Sedimentology, depositional environment, 
and provenance

Figure 5 shows a schematic sketch of the core stratigraphy 
including the most prominent sedimentological characteris-
tic. Accordingly, the sequence is sub-divided into five main 
units (A-E, from bottom to top).

Unit A (80.0–77.0 m depth) consists of compacted silt 
with a high carbonate content and an increasing amount of 
angular to sub-rounded clasts of grey carbonate, reddish 
sandstone, and quartz towards the top (diamict). The heavy 
mineral assemblage is characterised by epidote (30%), gar-
net (24%), and hornblende (15%), representing the Rhenish 
Facies (Hagedorn and Boenigk 2008; Hoselmann 2008). 
Based on the lithological composition Unit A is interpreted 
to reflect gravitational soil creeping or mud flows, with 
two beds representing individual events. The heavy min-
eral assemblage implies that a substantial amount of sandy Fig. 4  Representative example of a De distribution (KRN2F, pIR-225)
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deposits of the River Rhine were reworked by the slope 
processes. This is in line with the location of the site close 
to the eastern shoulder of the URG, where steep gradients 
could have enabled the development of solifluction sheets 
or mudflows due to freeze–thaw periods on the west-ward 
oriented slopes during times of colder climate. The high silt 
content could be explained by reworking of loess that partly 
covered the slope.

The overlying Unit B (77.0–51.5 m depth) is character-
ised by a monotonous series of moderately sorted, carbon-
ate-bearing sand with fine- to coarse-grained, subangular 
to subrounded gravel. It contains isolated medium-grained 
gravel lenses and some large clasts of up to 5 cm diameter. 
From 77.0 to 60.0 m depth the sequence is partly diamic-
tic and interpreted as the result of gravitational processes 
with local fluvial reworking. The deposits between 60.0 and 
51.5 m depth are interpreted as being deposited in a fluvial 
environment with medium to low flow energy where bedload 
was deposited on bars, with rare high-energy flow events 
marked by the deposition of medium to coarse-grained 
gravel beds, where angular clasts indicate a proximal source. 
The composition of the gravel components enables the dif-
ferentiation between a local (sandstones of the Buntsandstein 

and carbonatic mudstones) and an Alpine source, the latter 
represented by polymict breccias and conglomerates with 
veins, radiolarites, and weakly metamorphic quartzites. The 
heavy mineral spectrum is again of Rhine Facies but with a 
dominance of garnet (46%) over epidote (18%) and alterite 
(10%), and less hornblende (7%) for the samples taken at 
62 m. The sample taken at 54.5 m shows less garnet (22%), 
but more hornblende (25%), epidote (28%), and zircone 
(8%). However, moderate variability in heavy mineral com-
position is quite typical in deposits of the URG (Hagedorn 
and Boenigk 2008; Hoselmann 2008).

Unit C (51.5–4.0 m depth) starts with a distinct change 
from rather well to poor sorting, together with an increase 
in the content of none-local clasts. The unit is characterised 
by shifts between well-sorted sandy deposits and poorly-
sorted, mainly massive gravel (Fig. 5). The latter usually 
show an erosive contact to the underlying unit but a gradual 
change in grain-size towards the top (fining-upwards). The 
most prominent gravel layers are found between 51.5 and 
44 m (subunit C3) and 29–14 m (subunit C9). Two further 
gravel layers occur between 38 and 36 m (C5) and at ca. 
33 m (C7). The petrographic composition of the pebbles 
indicates both a local (e.g., red sandstone) and Alpine (e.g., 

Fig. 5  Schematic sketch of the 
Kronau core with sediment clas-
sification according to grain size 
distribution, sorting, roundness, 
and heavy mineral assemblages. 
*Roundness: SE sharp-edged, 
A angular, SA semi-angular, 
SR semi-rounded, R rounded, 
WR well-rounded
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radiolarite) source. The sand fraction shows a high carbonate 
content and the Rhenish Facies in the heavy mineral assem-
blages that is quite similar for all five samples investigated 
(26 ± 3% garnet, 20 ± 5% epidote) with a rather high amount 
of hornblende (23 ± 2%).

The overall facies is interpreted as a fluvial environment 
where material was predominantly transported as bed-load 
and deposited as bars in braided channels. At the time of 
deposition, the massive gravel was deposited by a river sys-
tem that was debris-overloaded while the fine-grained lay-
ers within the sequences represent a decrease in transport 
energy. This could be either caused by a climatically driven 
change in discharge or debris supply or a change towards a 
more distal depositional environment (e.g. floodplain) due 
to lateral migration of the main fluvial channel towards the 
graben centre in the West.

Unit D (4.0–3.5 m depth) is a thin, homogenous, mod-
erately to well-sorted, slightly silty sand layer with a high 
carbonate content and a yellowish-brown to slightly yel-
low colour and a sharp contact to Unit C. It contains a few 
angular to subangular medium-grained gravel components 
with up to 1 cm size. Lithologies of the clasts include milky 
quartz, calcareous tufa, and carbonatic mudstones. Based on 
the composition, the unit is interpreted as fluvially reworked 
loess. The composition of the clasts indicates that the source 
area is local, with calcareous tufa and carbonatic mudstones 
attributed to the Jurassic carbonates found on tectonic blocks 
close to the eastern graben boundary (e.g., close to the vil-
lage of Bad Schönborn).

Unit E (3.5–0.0 m depth) represents moderately to well-
sorted, medium sandy to fine gravelly fine sands. The coarser 
fractions have cubic shapes and are angular to subangular. 
Coarse gravel clasts are rare and have maximum grain sizes 
of less than 4 cm. The matrix of this unit is free of carbon-
ates. Clast lithologies include carbonatic mudstones, cherts, 
tufa, and milky quartz indicating that the majority of sedi-
ment was sourced locally. This unit is interpreted to repre-
sent deposition within a small-scale local stream system. 
The deposits may include a significant amount of reworked 
aeolian drift sand from local dune deposits.

Luminescence dating

In the dose recovery tests, we received a slight underestima-
tion of IR-50 (recovery ratios between 0.81 and 0.90 for both 
samples and protocols), acceptable values for pIR-225 (0.98 
and 1.13), and significantly overestimated values for pIR-
290 (> 1.50). This implies potential problems with both the 
IR-50 and in particular the pIR-290 protocol. The results of 
the bleaching experiments (Fig. 6) show negligible residuals 
(< 1% of natural De) for IR-50 already after 1 h of light expo-
sure and no further reduction with increased light exposure 
time. For pIR-225, after 1 h the highest residual is about 

7% of the natural and reduces to less than 2% after 100 h of 
light exposure. For pIR-290, residuals are always higher than 
for pIR-225 and are still above 5% in the youngest sample 
(KRN1) after 100 h of bleaching.

The first set of storage test reveals consistent low fad-
ing rates (g-values) for both samples (KRN2 and KRN7), 
with average (unlogged CAM) values of 1.3 ± 0.3%/decade 
for IR-50 and 0.1 ± 0.5%/decade for pIR-225. These values 
were confirmed by the second set of experiments with an 
average of 1.6 ± 0.5%/decade for IR-50. For pIR-225, g-val-
ues of 1.3 ± 0.6%/decade (KRN2) and − 1.3 ± 1.5%/decade 
(KRN7) were calculated. From these experiments we expect 
little fading of the IR-50 signal, but no fading of pIR-225 (cf. 
Thiel et al. 2011).

The results of luminescence dating are summarised 
in Table 2. For the top three samples (KRN1-3) all indi-
vidual De values plot within the near-to-linear part of the 
dose–response curves (similar to inset in Fig. 3b). The 
quartz OSL age for sample KRN2 (taken between 3.5 and 
3.0 m) is 19.1 ± 1.9 ka. Feldspar ages for samples KRN2 

Fig. 6  Results of bleaching experiments for samples KRN1, KRN3, 
and KRN9 for IR-50, pIR-225, and pIR-290 (mean of three discs). 
The upper row shows the absolute values of residual dose (in Gray), 
the lower row as percentage of the natural mean De
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and KRN1 (the latter taken between 2.5 and 2.0 m from the 
same unit) are generally in the same order of magnitude but 
show some relevant differences between the three techniques 
applied. IR-50 ages derived from both the pIR-225 (KRN1: 
11.8 ± 0.9 ka; KRN2: 12.9 ± 0.8 ka) and the pIR-290 proto-
col (KRN1: 15.5 ± 1.1 ka; KRN2 15.1 ± 1.5 ka) are signifi-
cantly younger than the quartz OSL age. While the pIR-225 
ages are in excellent agreement with the quartz age (KRN1: 
18.3 ± 1.3; KRN2: 20.3 ± 1.1 ka), the pIR-290 ages are some 
50% older (KRN1: 27.3 ± 1.9; KRN2: 31.0 ± 2.1 ka). For 
sample KRN3 taken at 12.5 m depth, the IR-50 ages are 
27.9 ± 1.6 ka (pIR-225 protocol) and 37.2 ± 2.9 (pIR-290 
protocol), while (slightly) higher ages have been calculated 
for pIR-225 (45.4 ± 2.2 ka) and pIR-290 (75.6 ± 4.7 ka).

The samples from the lower part of the core (KRN4-
9) show significantly different ages for the individual 
approaches. The dose–response curves for IR-50 of both pro-
tocols are close-to-linear up to ca. 500 Gy. Mean  De values 
for IR-50 (from the pIR-225 protocol) are around 400 Gy, 
with corresponding ages of ca. 200 ka. For pIR-225, mean 
 De values of about 1000 Gy lie in the part of dose–response 
curves approaching but not reaching saturation and being 
below 2D0 (inset in Fig. 3c). The sample taken at 34.5 m 
(KRN4) has an pIR-225 age of 351 ± 31 ka. The samples 
further below (KRN5-KRN9) have pIR-225 ages between 
437 ± 41 ka and 528 ± 34 ka, which all overlap within their 
uncertainties. For pIR-290, natural signals of samples 
KRN5-KRN9 are above the saturation level (inset Fig. 3d) 
that is reached at ca. 2000 Gy.

Discussion

Validity of luminescence chronology

Among the different approaches applied, we consider the 
ages determined by pIR-225 as most reliable because, (1) the 
dose recovery tests yield the best results, (2) the spread of 
individual De values implies complete bleaching at the time 
of deposition, (3) no evidence for fading is observed in labo-
ratory tests, and 4) the pIR age of sample KRN2 agrees very 
well with the quartz OSL age of the same sample. The much 
lower IR-50 ages throughout the core likely result from fad-
ing, as observed in storage tests, and possibly also from an 
increase in electron trapping probability (i.e. sensitivity) 
during the initial preheating, as indicated by the underesti-
mation in the dose recovery tests (Wallinga et al. 2000). In 
contrast, electron trapping probability has apparently been 
significantly reduced during the initial preheating in the 
pIR-290 protocol, explaining the overestimation in the dose 
recovery tests and the fact that the natural pIR-290 signal is 
above the level of saturation (Fig. 3d). In contrast, the pIR-
225 signal is apparently not affected by this phenomenon. 

The different behaviour of IR-50 and pIR in the same pro-
tocol implies that changes in electron trapping probability 
are trap-specific for the samples under consideration, which 
is in agreement with other studies (e.g. Zhang 2017; Qin 
et al. 2018). For the core Heidelberg Uni Nord (Fig. 1b), Li 
et al. (2018) also report a trend to overestimate dose recov-
ery experiments for the pIR-290 signal. As a consequence, 
these authors abstained from applying this approach. The 
present study demonstrates that the decrease in sensitivity 
of the pIR-290 signal can indeed lead to a substantial over-
estimation of De and, hence, incorrect dating results.

Another interesting observation in comparison to the 
study by Li et al. (2018) is the fact that these authors observe 
significantly higher fading rates in their samples (g > 5%/
decade compared to g = 1.3 ± 0.3%/decade for IR-50 in this 
study; g = ca. 2.1%/decade versus no fading for pIR-225 in 
this study). There appear three possibilities to explain this 
discrepancy. Firstly, although only 20 km further north, the 
core Heidelberg Uni Nord received its main sediment input 
from the River Neckar (Ellwanger et al. 2008), which may 
supply feldspar with different fading properties compared 
to Kronau. Secondly, the detection filter set (Schott BG-39 
and HC 414/46 Interference filter) of the Lexsyg Smart cuts 
out UV emissions that are detected with the broad blue fil-
ter set (BG39 and Corning 7–59) used by Li et al. (2018). 
Krbetschek et al. (1997) argued that UV emissions show 
higher fading than blues emissions, which may explain the 
discrepancies between these two studies. However, this was 
not confirmed by experiments carried out by Thomsen et al. 
(2008). Thirdly, Schmidt et al. (2018) have recently shown 
that the heating characteristics in Lexsyg (as used here) and 
Risø (as used by Li et al. 2018) OSL readers are crucially 
different. We confirm by own observations that 225 °C in the 
Lexsyg Smart correspond to higher temperatures (20–30 °C) 
in a Risø machine. As the measurements presented here were 
carried out before the publication of the article by Schmidt 
et al. (2018), no adjustment of measurement parameters was 
considered. Hence, it is possible if not likely that the signal 
sampled here shows less fading due to the higher applied 
stimulation temperature. For future studies, this suggests 
that it might be interesting to systematically explore if pIR 
stimulation at 250 °C (in a Risø reader) might be the more 
appropriate option for dating. This approach may combine 
low fading with a still quite rapid signal resetting by day-
light, as demonstrated by the bleaching experiments, and 
no change in electron trapping probability during preheat. 
Indeed, Faershtein et  al. (2020) preferred the pIR-250 
approach over pIR-225 and pIR-290, though some minor 
fading was observed in their samples (g < 1.6% per decade). 
Concordantly, Zhang and Li (2020) expect the highest poten-
tial to date old samples (up to 1000 Gy and possible beyond) 
by using pIR-250, but in connection with the application of 
a multiple-elevated-temperature protocol.
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In summary, it appears reasonable to expect that the pIR-
225 ages presented here represent the real time of sediment 
deposition, with justifies their use for the chronostratigraphic 
interpretation. While the samples from the lower part of the 
core are in the critical upper age range of the method (i.e. in 
the upper part of the dose–response curve), the ages are con-
sidered likely reliable since the  De values are still below  2D0 
(= 86% saturation; cf. Wintle and Murray 2006). The fact 
that ages do not increase below 40 m could be interpreted 
to represent reaching the equilibrium between signal gain 
(from the interaction of ionising radiation with the minerals) 
and signal loss (from fading; cf. Li and Li 2008). Indeed, a 
minor effect of fading that will be difficult to be detected 
in storage tests and cannot entirely be excluded from the 
present data set. On the other hand, the lack of age increase 
with depth could also represent a higher accumulation rate, 
possibly in connection with a period of local subsidence. To 
answer the question regarding the upper dating limit of the 
applied pIR-225 dating approach in this region, it is neces-
sary to investigate cores reaching further back in time and, 
ideally, with an age control given by, for example, palyno- 
and magneto-stratigraphy. However, as the lower 30 m of the 
investigated core are not highly relevant for the correlations 
proposed further below, solving the question of the remain-
ing uncertainty regarding the upper dating limit of pIR-225 
is not essential for the focus of the present study.

Timing and nature of fluvial dynamics in the URG 

The lowest part of the Kronau sequence likely comprises 
slope toe deposits (Unit A) and fluvial sediments attributed 
to a local stream (Unit B) but with substantial mixing with 
material of Alpine origin. The result of pIR-225 dating of 
this part of the sequence gave statistically consistent ages of 
470 ± 41 ka (KRN9), 512 ± 52 ka (KRN8), and 528 ± 33 ka 
(KRN7), representing a mean (CAM) age of 508 ± 23 ka. 
The ages place this phase of aggradation at the boundary 
between Marine Isotope Stage (MIS) 14 and 13 (524 ka; 
Fig. 7). In the continental stratigraphy, this represents the 
upper part of the Cromerian Complex, a period compris-
ing a total of four individual interglacials that are separated 
by cooler phases. The age assigned to the Cromerian is ca. 
800–450 ka and includes the B/M boundary in its lower part 
(Zagwijn 1985, 1992).

The first prominent coarse gravel layer on top of Unit B 
is bracketed by two pIR-225 ages of 437 ± 41 ka (KRN6) 
and 470 ± 41  ka (KRN5), with a mean (CAM) age of 
454 ± 29 ka. This age corresponds to the global glaciation 
maximum of MIS 12 (478–424 ka). The mean (CAM) of 
three pIR-225 ages reported by Li et al. (2018) for the upper-
most part of the Ludwigshafen Formation in the Heidelberg 
Uni Nord core is 431 ± 26 ka, with the overlying basal part 
of the Mannheim Formation represented by a prominent 

coarse gravel layer. Similar changes in deposition style, i.e. 
a change from sandy to coarser sedimentation, are observed 
in the cores from Ludwigshafen and Viernheim at a similar 
stratigraphic position (Hoselmann 2008; Weidenfeller and 
Knipping 2008; Lauer et al. 2010, 2011; Menzies and Ell-
wanger 2012, 2015; Gabriel et al. 2013).

In contrast to the above, previous publications have 
placed the boundary between the Ludwigshafen and Man-
nheim Formation after the Holsteinian, i.e. after ca. 374 ka. 
This is some 50–80 ka later than suggested by the dating 
results presented here and by Li et al. (2018). The assign-
ment of the age of the boundary is based on the occurrence 
of interglacial pollen assemblages investigated in a num-
ber of cores from the Heidelberg Basin (Hahne et al. 2012). 
However, it has to be noted that most of the investigated 
Middle Pleistocene interglacial sequences are fragmentary, 
poorly preserved, and partly comprise a few samples only. 
Furthermore, no detailed documentation of the data (pollen 
diagrams) has been provided for most of the investigated 
cores. According to Hahne et al. (2012), the Holsteinian 
in the URG is characterised by a dominance of Abies (fir), 
in combination with a low occurrence of Corylus (hazel), 
low abundance of mixed-oak taxa (mainly Quercus), and 
low values of Buxus (box tree) during the early phase of 
the interglacial. The expansion of Carpinus (hornbeam) is 
seen as characteristic, together with a later spread of Fagus 
(beech) and Pterocarya (wingnut). For the latter, Hahne 
et al. (2012) state that the percentage of pollen is highly vari-
able, even for nearby sites (between 1 and 30%). However, 
the reference site for this characterisation of the Holsteinian 
(Forster Busch) is located in the Lower Rhine Embayment, 
some 300 km NW of the Heidelberg Basin. Hahne et al. 
(2012) highlight that no complete sequence of the Holstein-
ian is known from the URG and that fragmentary sequences 
could erroneously be correlated with the Cromerian. How-
ever, an interglacial pollen assemblage from the borehole 
Käfertal near Mannheim (Fig. 1b) is correlated to the Hol-
steinian despite the fact that the phase of Abies dominance 
is represented by one sample only and the essential phase 
with Carpinus-Fagus-Pterocarya is not clearly represented. 
In fact, Middle Pleistocene pollen stratigraphy is generally 
far from being straightforward, as detailed in a number 
of publications (e.g. de Beaulieu et al. 2001; Urban et al. 
2011; Bittmann 2012; Stephan 2014). For the URG, Hahne 
et al. (2012) assign only two interglacials to the Cromerian 
Complex although it comprises four such phases (Zagwijn 
1985, 1992). A possible correlation of pollen assemblages 
assigned to the Holsteinian with the Mannheim-Interglacial, 
as identified in the borehole Ludwigshafen-Parkinsel P34 
(26.56–29.05 m) and assigned to the late Cromerian by 
Knipping (2008) and Weidenfeller and Knipping (2008), 
is not discussed by Hahne et al. (2012). In summary, the 
interpretation by Hahne et al. (2012) that interglacial pollen 
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assemblages in the upper part of the Ludwigshafen Forma-
tion must be of Holsteinian age is rather weak. A correlation 
with the Cromerian appears, at least, as likely, and would 
be in perfect agreement with the results of luminescence 
dating presented here and by Li et al. (2018). Interestingly, 
Menzies and Ellwanger (2015) also suggest to tentatively 
correlate the Mannheim Formation and assign the topic of 
the Ludwigshafen Formation to the Cromerian.

Considering the overall environmental context, it appears 
likely that the change towards coarse deposition in the 
southern and central URG is related to large-scale climatic 
controls. The most likely scenarios would an expansion of 
glaciers far into the foreland. Otherwise, it is difficult to 
explain the presence of massive coarse and poorly-sorted 
gravel some 300 km away from the margin of the Alps as 
the presence of lakes in the Alpine foreland after major 

glaciations will have buffered the transport of coarse mate-
rial towards the URG. In contrast to the coarse gravel layers, 
the well-sorted sandy and gravelly sediments are interpreted 
to reflect re-working of older deposits (indicated by Alpine 
heavy mineral assemblages). This occurred possibly during 
periods of less severe climate (interstadials to stadials) with-
out the presence of Alpine glaciers in the foreland.

According to the results of pIR dating, this change in dep-
ositional style at Kronau dates to a mean age of 454 ± 29 ka 
(mean of KRN5 and KRN6) and is thus contemporaneous 
with the age of the Hosskirchian Glaciation in the Lake Con-
stance area (Ellwanger et al. 2011; Hahne et al. 2012). The 
Hosskirchian just predates the Holsteinian (424–374 ka) and 
represents the first phase with a formation of overdeepened 
structures in the respective region, which implies major 
erosion and increased debris supply to the drainage system 

Fig. 7  Suggested correlation of fluvial sediment aggradation in the 
URG based on luminescence dating, in combination with changes in 
depositional style with the glaciation history of northern Switzerland 
(Preusser et al. 2011), and the marine isotope stack as a measure of 
global ice volume and climatic conditions (Lisicki and Raymo 2005). 

Logging data and luminescence ages were derived from various 
sources (Ellwanger et al. 2008; Hoselmann et al. 2008; Weidenfeller 
and Knipping 2008; Ellwanger and Wieland-Schuster 2012; Gabriel 
et al. 2013; Lauer et al. 2010, 2011; Li et al. 2018)
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(cf. Preusser et al. 2010). In Switzerland, the Thalgut site 
(south of Bern, close to the border of the Alps) provides 
the only robust evidence for a glaciation occurring directly 
prior to the Holsteinian (Schlüchter  1989a, b; Welten 1988). 
Preusser et al. (2011) speculate that this glaciation corre-
sponds to the Möhlin Glaciation, the most extensive ice 
advance documented in northern Switzerland (Graf 2009). 
Accordingly, Gaar and Preusser (2017) conclude that the 
Möhlin Glaciation has to pre-date MIS 6. Considering the 
presence of glacial deposits below Holsteinian sediments 
at Thalgut, in combination with the expected age of the 
Hosskirchian, it appears most reasonable to attribute the 
Möhlin Glaciation to MIS 12 (478–424 ka). The maximum 
ice extent of this glaciation was in the Rhine Valley some 
20 km east of Basel, where the river changes its direction 
and flows into the URG. As a consequence, it is assumed 
that the onset of poorly-sorted but moderately rounded 
gravel aggradation at Kronau represents semi-distal melt-
water deposits that were deposited as a result of the Möhlin 
Glaciation.

At Kronau, two rather thin gravel layers occur above 
the first prominent gravel layer, bracketing a sandy horizon 
dated to 351 ± 26 ka. While the available data is limited, it 
is interesting to note that this part of the sequence would 
chronologically correlate with MIS 10-8 (374–243 ka), a 
period with little evidence for widespread glaciation but pre-
sumably cold conditions (e.g., Reille and de Beaulieu 1995). 
In Switzerland, one of these phases might be represented 
by the Habsburg Glaciation (Graf 2009) that is expected to 
be younger than Möhlin (MIS12) but older than Beringen 
(MIS 6). At Meikirch, located in the Aare Valley north of 
Bern, glacial deposits are overlain by lacustrine sediments 
containing pollen assemblages that imply a correlation with 
MIS 7, confirmed by luminescence dating (Preusser et al. 
2005). The basal glacial deposits at Meikirch could well 
be assigned to the Habsburg Glaciation that had an extent 
similar to the last glaciation maximum (Keller and Krayss 
2010; Preusser et al. 2011).

The most prominent feature of the Kronau sequence is the 
massive and thick aggradation of coarse and poorly sorted 
gravel between 30 and 15 m. Unfortunately, it was not possi-
ble to take samples from the sand below this part due to core 
preservation issues, which leaves uncertainty with regard to 
the exact timing of the onset of this depositional interval. 
The end of deposition is constrained by a pIR-225 age of 
45.4 ± 2.3 ka, corresponding to the middle part of MIS 3 
and moderately cold climatic conditions in Switzerland (cf. 
Heiri et al. 2014). Considering the available age informa-
tion two pronounced cold phases with associated glaciations 
remain as potential candidates, namely MIS 6 and 4. The 
former is known as the second most extensive glaciation in 
Switzerland (Beringen; Graf 2009) and chronologically con-
strained by several luminescence ages (e.g., Dehnert et al. 

2010; Preusser et al. 2011; Lowick et al. 2015). For northern 
Switzerland, there is also evidence for a major glaciation 
during MIS 4 that apparently reached almost the extent of 
MIS 2 (Preusser et al. 2007; Gaar et al. 2019). Interestingly, 
aggradation during MIS 4 appears to be quite prominent in 
the cores from Viernheim (Lauer et al. 2010) and Heidelberg 
(Li et al. 2018).

The final phase of coarse-grained deposition at Kro-
nau is bracketed by an age of 45.4 ± 2.3 ka determined 
for sand from below and three ages of 20.3 ± 0.8 ka (pIR), 
19.1 ± 1.7 ka (OSL), and 18.3 ± 1.0 ka (pIR) for sand from 
above upper gravel layer. This corresponds to the last gla-
ciation of the Swiss Alpine Foreland (Birrfeld Glaciation; 
Graf 2009 that occurred between ca. 30–20 ka ago (Ivy-
Ochs et al. 2008; Gaar et al. 2019). In agreement with data 
from the northern URG (Dambeck 2005; Erkens et al. 2009), 
aggradation of coarse material stopped by the latest ca. 
20 ka. The top part of the Kronau sequence likely reflects 
the reworking of aeolian deposits by local streams.

Conclusions

The sedimentological investigations in combination with 
luminescence dating of the Kronau ‘Reimold’ core provide 
new insights into the aggradation history of the URG. In 
agreement with evidence from the Heidelberg Basin Drill-
ing Project it appears that the deposition of coarse gravel 
layers can be correlated with the expected age of glacia-
tions of the Swiss Alpine Foreland. The first major pulse of 
aggradation recorded at Kronau occurred during the Möh-
lin Glaciation, which corresponds to MIS 12 (478–424 ka). 
In the URG, this is represented in the shift from the overall 
more fine-grained Ludwigshafen to the generally coarser 
Mannheim Formation. However, this does not represent 
the first wide-spread glaciation of the foreland of the Swiss 
Alps, as evidence of up to eight glaciations has been dis-
cussed for the Early Pleistocene (summarised by Preusser 
et al. 2011). Indeed, coarse deposition has been observed 
in the lower part of the Heidelberg borehole, with an 
age > 800 ka based on pollen stratigraphy (Gabriel et al. 
2013) and magnetostratigraphy (Scheidt et al. 2015), and 
this may represent the Early Pleistocene ‘Deckenschotter 
Glaciations’ of northern Switzerland. Two minor phases 
of gravel accumulation at Kronau may correlate with MIS 
10 (374–337 ka) and MIS 8 (300–243 ka), with the Hab-
sburg Glaciation being a candidate for correlation with 
one of these phases. However, for this phase, no direct 
dating results are available so far. Probably due to the lack 
of suitable sand layers, there is yet no direct evidence for 
deposition in the URG during the Beringen Glaciation, 
which is well documented and dated in Switzerland (and 
elsewhere, Rissian), and correlates to MIS 6 (191–130 ka). 
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Interestingly, there is evidence in the URG for prominent 
accumulation during MIS 4 (71–57 ka), a period for which 
only initial evidence of a widespread glaciation is avail-
able from the Alps. The last glaciation (Birrfeld) that 
occurred during MIS 2 (29–14 ka) is also represented 
in deposits of the URG. Altogether, the Middle to Late 
Pleistocene aggradation history of the URG is much more 
complex compared than suggested by the simple scheme 
developed by Bartz et al. (1982) with major implications 
for the architecture of aquifers and aquitards. For example, 
the Mannheim Formation will possibly comprise up to six 
phases of gravel depositions alternating with periods of 
erosion and deposition of fine-grained material. However, 
these will likely not have been completely preserved in 
most part of the graben.

While the above reconstruction appears rather plausi-
ble, it should be kept in mind that it is based on a limited 
number of age determinations and certain assumptions, 
where direct dating is missing (i.e., to prove deposition dur-
ing MIS 6). It is recommended to apply the combination 
of sedimentology, provenance studies (heavy minerals and 
clast petrography), and luminescence dating to cores from 
the southern URG. There, the signal form the Alps might 
be even more clearly visible. The applied pIR-225 approach 
appears to provide reliable ages of up to at least 500 ka but 
its age range could be further tested by sampling sediment 
from just above and below the Brunhes/Matuyama magnetic 
boundary (776 ± 14 ka). In fact, there are several parts in the 
cores from the Heidelberg Basin for which applying the pIR 
approach used here appears reasonable. Furthermore, very 
recently the application of luminescence to date large clasts 
(pebbles and cobbles) has been proven to have a high poten-
tial to directly date coarse sediment layers that are not suit-
able for conventional luminescence approaches (e.g., Jenkins 
et al. 2018). Using this approach, it should be likely possible 
to establish reliable chronologies for both the Alpine gla-
ciations and the fluvial aggradation in the URG. A further 
topic to be addressed would be aiming at identifying phases 
of gravel aggradation and correlating these with the so far 
poorly constrained glaciation Early Pleistocene glaciations 
in northern Switzerland. As dating such deposits is almost 
likely beyond the range of luminescence dating, this could 
be tested applying cosmogenic nuclide dating.
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