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ARTICLE INFO ABSTRACT

Keywords: The Upper Rhine Graben is a large-scale tectonic basin in central Europe that has accumulated a kilometre-thick
Central Eur?pe sedimentary succession including, in some places, several hundred metres of mostly continuous Quaternary
C.h}rlonos'[r_angriphy strata. Especially in the central graben part, these strata have hardly been scientifically explored. We introduce a
Lid ostratigraphy new, 45-m-long drill core record from the vicinity of Offenburg. At its base, it comprises glaciofluvial gravels
Luminescence dating . . . . oo - .

Malacology derived from the Alpine headwaters, which are superseded by aeolian deposits intercalated with locally derived
Palynology gravels distinct by a different gravel spectrum. Post-infrared infrared-stimulated luminescence dating shows that
Pleistocene the entire sequence reaches back beyond 300 ka, and that the glaciofluvial-aeolian transition occurred during the

penultimate glaciation at ~160 ka. By comparison with neighbouring boreholes, we infer repeated normal
faulting south of the drill site since roughly the same time, with the resulting topography filled in by locally
sourced gravel interbeds. Finally, two layers of fines indicating stagnant palustrine conditions contain inter-
stadial pollen assemblages of the penultimate and last glaciation, and shells of gastropods typical of Pleistocene
loess deposits and a glacial palaeoclimate are encountered in the aeolian succession. Thus, this study offers
insights into Middle to Late Pleistocene sediment dynamics, neotectonic activity and palaeoenvironments, and

highlights the wealth of stratigraphic information that the Upper Rhine Graben preserves.

1. Introduction

The Upper Rhine Graben (URG, Fig. 1), part of the European Ceno-
zoic Rift System (Ziegler, 1992), is a large-scale tectonic basin formed by
extension and subsidence in response to the Alpine orogeny starting in
the Palaeogene (e.g. Dezes et al., 2004; Schumacher, 2002). The sub-
surface of the graben is intensively dissected by faults, with pronounced
differential subsidence of the resulting blocks that is continuing until
today. This is evidenced by instrumental data (e.g. Barth et al., 2015),
severe historic earthquakes (e.g. Lambert et al., 2005), as well as surface
deformation (e.g. Peters and Van Balen, 2007a; Pena-Castellnou et al.,
2023). The long-lasting subsidence allowed for the accumulation of a
kilometre-thick sedimentary sequence (GeORG-Projektteam, 2013)
including, locally, several hundred metres of Quaternary deposits
(Hagedorn and Boenigk, 2008; Gabriel et al., 2013, and references
therein). This young infill of the URG is, due to its central position in
Europe, its first-order continuity over many glacial cycles (although
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hiati certainly exist, e.g. Gegg et al., 2024b), and its large source area, a
scientific archive of supra-regional relevance (Gabriel et al., 2013). In
the southern, proximal graben part it consists of a large-scale alluvial fan
of gravel deposits derived from the Alpine headwaters of the Rhine
system (Ellwanger, 2011; Ellwanger et al., 2011; Gegg et al., 2024a;
Kock et al., 2009). These were episodically deposited by high-discharge
events during peak glacial or incipient deglacial conditions, and are
therefore an archive of the Alpine glaciation history. At the northern end
of the URG, the sedimentary succession is significantly more complex.
Here, notably in the graben’s depocentre in the Heidelberg Basin
(southeast of Mannheim, Fig. 1), fluvial, lacustrine, palustrine, and
colluvial sediments occur that are much more variable in facies and
provenance (Ellwanger et al., 2012; Gabriel et al., 2013, and references
therein; Gegg et al., 2024b; Preusser et al., 2021; Scheidt et al., 2015).

In contrast, the correlative deposits in the central part of the URG are
only poorly explored. These are referred to as Ortenau Formation (Fm.;
formerly ‘Unteres Kieslager’ to ‘Oberes Kieslager’ sensu Bartz, 1982)
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Fig. 1. Overview map of the Upper Rhine Graben (URG) with position of the OWI drilling at Offenburg (left; red dot), together with photographs of selected drill
cores reflecting the sediments’ variability (right; top and bottom depth in meters indicated). Marked in blue on the map are reference sites mentioned in the text: AB —
Amersfoort Basin, Ah — Achenheim, E — Eifel, F — Fiiramoos, Go — Gossau, GP — Grand Pile, HB — Heidelberg Basin centre, K — Kronau, N — Nussloch, Rb — Rosbach, Rf

— Rinikerfeld, Rm - Riedmatt, RV — Roer Valley Graben, SB - Sulzberg-Baden.

after the historical name of the region, and consist of undifferentiated
sandy and, especially in the deeper part, silty gravels that become pro-
gressively finer towards the north, and intercalate with sandy-silty de-
posits (Ellwanger, 2011; Ellwanger et al., 2012; Wirsing and Luz, 2007).
Their maximum thickness reaches values of more than 200 m in the
graben centre but is generally variable and decreases toward either
margin (GeORG-Projektteam, 2013). Chronostratigraphically, they
represent presumably the entire Quaternary but time markers are scarce
(Boenigk, 1987; Brost et al.,, 1991), and deposition, tectonically
controlled, may have been discontinuous (cf. Gegg et al., 2024b). The
material consists of a far-travelled component from the Alps as well as a
local component, which is prominent especially near the graben shoul-
ders (Wirsing and Luz, 2007). There, considerable deposits of loess,
aeolian silt deflated, for example, from meltwater-fed braided riverbeds,
occur as well (Antoine et al., 2009; Lehmkuhl et al., 2021; Schulze et al.,
2022; Schwahn et al., 2023).

Previously, the URG has been explored mainly from an applied point
of view focusing on, for example, its groundwater reservoirs (Wirsing
and Luz, 2007), on geothermal energy production (GeORG-Projektteam,
2013), or on lithium extraction (Kolbel et al., 2023). This study targets
the Quaternary depositional record in the central part of the graben as a
stratigraphic archive and introduces the first drill core from this area to
an international audience. The core has been recovered near the city of
Offenburg, is 45 m long, and comprises all the above-mentioned depo-
sitional facies. It is investigated by a combined sedimentological
approach integrating lithostratigraphic (facies and compositional ana-
lyses), geochronological (luminescence dating), and biostratigraphic

(palynology and malacology) methods. With this approach, we recon-
struct sediment dynamics, neotectonic movements and palaeoenviron-
ments in one of Europe’s key areas for Quaternary stratigraphy (Gabriel
et al., 2013) over a timespan of more than 300 kyr.

2. Material and methods
2.1. Core selection and recovery

The drilling at Offenburg-Windschlag (OWI; Fig. 1) is part of a S-N
transect of exploration boreholes drilled for the planned expansion of
the railway line along the Upper Rhine Plain. This specific core — archive
number 7413/1476 of the State Geological Survey LGRB — was selected
for further investigation based on a previous borehole log in close vi-
cinity that registered organic-rich fines at ~137 m a.s.l. Drilling was
conducted in 2022 some 4 km north of the city of Offenburg (48.5095°
N, 7.9645° E) at ~159 m a.s.l, first in 1-m-length, 20-cm-diameter
plastic liners (0-32 m depth), then without liners in a single-tube core
barrel (32-45 m depth). Full recovery was reached, but 6 m of the core
were withdrawn for analysis by the drilling contractor and were not
available for this study (see Fig. 2). The in-liner section was generally of
excellent core quality, whereas the sediments from the deeper part of the
borehole, recovered without liners, were filled into core boxes, resulting
in internal disturbance. The profile was described and sampled in
interim storage at a core repository of the German Railway Service in
Offenburg.
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Fig. 2. Overview log of the OWI profile with luminescence ages (MET-pIRIR
200 °C) and petrographic composition of gravel samples. Gaps in the profile (X)
mark core metres withdrawn by the drilling contractor.

2.2. Sampling and sedimentological analysis

Eight volumetric gravel samples taken between 5 and 44 m depth
were sieved into cobble (>63 mm), coarse (63-20 mm) and medium
gravel (20-6.3 mm), as well as a fine fraction (<6.3 mm), and grain size
distribution curves were determined. The coarse gravel fractions, con-
sisting in most cases of at least ~100 clasts, were further investigated for
their gravel petrographic composition (cf. Gegg et al., 2024a). For
luminescence dating, nine samples were taken in metal tubes pushed
into the 20-cm-thick in-liner cores, and tightly sealed with opaque tape.
The surrounding sediment was collected for gamma spectroscopy. Two
intervals of fine-grained deposits at 17-18 and 22-23 m depth were
sampled discontinuously at a 5-cm-resolution. There, carbonate and
total organic carbon (TOC) contents were measured by the
loss-on-ignition approach (Heiri et al., 2001) as outlined in Gegg et al.
(2024b), and subsamples of few grams were saved for pollen extraction.
Finally, at depths of 9 and 13 m, small (~1 mm) dispersed snail shells
were encountered in cores from OWI and two neighbouring drillings,
and bulk sediment samples of ~0.5 L each were taken for screening for
gastropod fossils.

2.3. Luminescence dating

Preparation of the luminescence samples was done in the red-light
laboratory at the University of Freiburg. Samples OWI-1, OWI-6, OWI-
7 and OWI-8 were of sandy nature and therefore the coarse grain
approach was used. Here, samples were sieved to 100-200 pm, car-
bonates were removed with 20 % HCl, and K-feldspar was separated
from other minerals using a heavy liquid (5 = 2.58 g cm™3). K-feldspar
grains were mounted on stainless steel discs with a diameter of 1 mm
coated with silicon oil as adhesive. For the other samples, the fine grain
technique was applied. Here, the sample material was subsequently
treated with 20 % HCI, 30 % H,0, and Na-oxalate to remove carbonate,
oxidise organic matter and disperse clay minerals, respectively. Each
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step was followed by rinsing the sample five times with demineralised
water. The fraction 4-11 pm was enriched by settling in water using
Stokes’ Law (cf. Frechen et al., 1996), dried, and then pipetted on
stainless steel discs for measurements. Previous studies have shown that
quartz from this part of the URG usually has poor signal properties (i.e.
overall low signal intensity and different behaviours of natural and
artificially irradiated signals; Lauer et al., 2010; Preusser et al., 2016,
2021). Furthermore, it was expected that the sequence will reach
beyond the dating limits of quartz. Hence, in this study we rely on
feldspar as natural dosimeter, which has proven reliable in previous
studies (e.g. Preusser et al., 2016, 2021; Marik et al., 2024).

Luminescence measurements were carried out on a Freiberg In-
struments Lexsyg Standard device (Richter et al., 2013). To narrow the
transmission window to the main luminescence emission of K-feldspar
(410 nm), a 3-mm-thick Schott BG 39 glass filter in combination with a
414/46 AHF Brightline interference filter was used. The beta source in
the machine was calibrated using the LexCal2014 quartz (Richter et al.,
2020) to ca. 0.12 Gy s~ ! on stainless steel discs. For determination of the
equivalent dose (D), a modified version of the Single Aliquot Regen-
erative (SAR) dose Multi-Elevated Temperature (MET) post-infrared
infrared stimulated (pIRIR) luminescence protocol with five irradia-
tion cycles including zero dose and recycling was used, applying a
preheat at 270 °C for 60 s (Li and Li, 2011). The stability of the signal
increases with stimulation temperature, and therefore the effect of
fading (i.e. signal loss) that leads to the underestimation of feldspar
signals — if not corrected for — can be eliminated. Li and Li (2011) report
stable signals not affected by fading for stimulation temperatures of
200 °C and 250 °C. Fitting of growth curves was done using the sum of
two exponential functions, which provided a much better fit than using a
single exponential function. For the coarse-grained samples, mean D,
was determined for 12 replicate measurements, while for the
fine-grained samples the number of replicate measurements was limited
to seven considering the excellent reproducibility.

For dose rate calculation, the concentration of relevant elements (K,
Th, U) was determined by gamma spectroscopy. Samples were dried,
water contents determined, and the material was filled into plastic
containers and measured using an Ortec High Purity Germanium gamma
spectrometer (details in Preusser et al., 2023). For dose rate determi-
nation we used the ADELEv2017 software (Degering and Degering,
2020; www.add-ideas.com, last accessed Nov 24th’ 2024), assuming an
alpha efficiency of 0.07 £ 0.02. The average water content was esti-
mated based on the measured values adding an error margin of 20 % to
account for uncertainty.

2.4. Pollen and gastropod identification

Extraction and identification of pollen and macrofossils follows
Faegri and Iversen (1989). For pollen extraction, samples were
pre-treated with 10 % HCI, then spiked with Lycopodium spores and
cooked in 10 % KOH. The pollen grains were isolated by density sepa-
ration, acetolysed, and fixed in glycerine. Specimens were identified at
400x and 1000x magnification with regard to the pollen key of Beug
(2004) as well as a reference collection. Below 22 m depth, pollen
percentages were calculated from sums of >600 terrestrial pollen grains.
Above 18 m depth, the majority of the samples was counted to >600
arboreal pollen grains resulting in reference sums of more than 1000
terrestrial pollen grains. Reference sums were calculated excluding
Cyperaceae, aquatics and spores. Pollen and spore nomenclature follows
Beug (2004) and Reille (1998), respectively.

Bulk sediment samples containing gastropod shells were wet-sieved
using several mesh sizes from 8 to 0.25 mm, and macrofossils
collected with a needle and a fine wet brush. The specimens were
identified under a binocular microscope using the European atlas of
Welter-Schultes (2012) and reference collections, named according to
the international mollusca base (Bank et al., 2014; www.molluscabase.
org, last accessed Jan 10th’ 2025), and species distributed in ecological
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Fig. 3. Neighbouring boreholes to SSW of OWI recovered generally similar successions, but with differences in the depth of layer boundaries. At lower stratigraphic
levels, mixed-facies gravels and loess, partly reworked (hatched white), occur. Gx mark samples collected for gastropod extraction and identification (see Table 2).

groups defined by Lozek (1964), Puisségur (1976), and Rahle (2005).
3. Results
3.1. Sediment sequence

The bottom half of OWI, from ~23 to 45 m depth, comprises beige-
grey, fines-rich, sandy gravel (Figs. 1 and 2). The individual clasts are
well-rounded and consist mainly of quartzite, vein quartz and sand-
stones (Fig. 2). Below 32 m, D5 (i.e. median grain sizes) range between
12 and 17 mm, and Dgg between 50 and 90 mm. From 31.3 to 32.0 m, a
diamictic interbed contains subrounded clasts in a yellowish, partly
brownish to reddish, matrix. Above, the gravel appears generally finer
and consists of several fining upwards-cycles. Sporadically, admixtures
of reddish, angular coarse sand to fine gravel can be identified. Coaly
plant fragments occur within a massive bed of grey fine to medium sand
at 26.0-26.3 m.

A layer of blackish, organic-rich (~10 % TOC, frequent cm-sized
plant fragments) silt and clay at 23.0-22.6 m transitions into dark
grey, silty-sandy clay with only little, smaller plant fragments, ~3 %
TOC, and muscovite flakes (22.6-22.0 m; Fig. 1). Further up, these fines
turn light bluish-grey with iron oxide precipitates and irregular, gravel-
sized concretions (22.0-21.7 m) and then, gradually, ochre-beige
(21.7-21.1 m). This last interval is faintly laminated and contains few
outsized clasts at 21.4 and 21.2 m. Macroscopic organic material is
lacking. A layer of very poorly sorted reddish sand from 21.1 to 21.0 m
might be caving material fallen into the drilling tube from above. It is
overlain by patchy reddish to ochre-beige silty clay up to 20.2 m.

At 20.2-19.0 m, a gravel bed is intercalated that is grey at its base but
becomes more and more reddish upward. This red gravel type differs
strikingly from the beige-grey gravel below. It is notably finer (Dsg < 6.3
mm, Dgy between 30 and 40 mm) and consists of frequently angular
clasts of crystalline rocks, predominantly purple volcanics and reddish
granites (Fig. 2). Separated by another interval of clayey and sandy silt

with plant fragments and ~1 % TOC, changing in colour from bluish
grey to ochre-red, a second red gravel bed occurs at 16.0-17.0 m. The
remainder of the profile consists mainly of massive or faintly layered
(mm-to cm-scale) ochre-beige silt with little fine sand. From 14.3 to
15.0 m depth, the silt has a prominent reddish hue and contains outsized
clasts up to gravel size, and at 8-9 and 13-14 m, it contains dispersed
small coaly plant fragments and gastropod shells (see below). Two more
interbeds of sandy red gravel occur at 5.9-3.9 and 2.0-0 m depth.

Three southward-adjacent boreholes that together with OWI span a
2-km-long transect show similar stratigraphic successions (Fig. 3). All of
them recovered mostly grey gravels in their lower halves separated by
red or mixed-facies gravels and organic-rich fines from dominantly
orange-beige silts, but there are some differences a well. The layer
boundaries are relatively shifted upwards by ~10 m towards the SSW.
Red gravel intercalations in the upper part of the sequence occur only in
OWI. Borehole 7513/3397 reached again mixed-facies gravels and,
finally, another interval of orange-beige silt at its base (Fig. 3).
Gastropod shells were encountered in two further boreholes located one
(7413/1470) and 2 km to the south (7513/3409) at similar depth levels
as in OWL

3.2. Luminescence ages

The results of luminescence dating are summarised in Table 1. Per-
formance tests on the applied protocol resulted in dose recovery ratios
within 10 % of unity and negligible thermal transfer. The MET protocol
produces five estimates of D., which reflect the amount of radiation
absorbed since the time of burial. For most samples, the D, determined
increases with stimulation temperature reflecting the fact that the pIR
signal stimulated at higher temperatures becomes continuously more
stable (cf. Li and Li, 2011). For several samples, the D, determined for
stimulation temperatures of 200 °C and 250 °C overlap within un-
certainties, but the latter shows a lower saturation dose and performs
less well in dose recovery tests. Following Schwahn et al. (2023), we
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Summary data of samples and the respective grain sizes used for pIR luminescence dating. Provided are water contents (WC), concentrations of dose-rate relevant
elements (K, Th, U), the resulting dose rates (D), as well as D, determined for different stimulation temperatures. The resulting pIR ages are based on the stimulation at

200 °C.
Sample Depth Grain WC K (%) Th (ppm) U (ppm) D (Gyka!) D.IR-50 (Gy) D.pIR-100 D, pIR-150 D, pIR-200 D, pIR- Age pIR-
(m)  size (um) (%) (Gy) (Gy) (Gy) 250 (Gy) 200 (ka)
OWI-8 5.4 100-200 16.4 2.50 +0.10 13.61 £0.67 3.39 £0.09 4.31 +£0.19 1146+5.1 189.0+8.4 229.24+86 263.1+9.8 273.3+9.0 61 £3
OWI-4 8.2 4-11 21.6 1.28+0.03 11.92+0.74 3.65+0.17 3.45+0.34 1183 +48 117.2+29 121.54+55 126.2+8.2 133.8+6.3 37+4
OWI-9 10.7 4-11 20.5 1.30 +0.04 10.45+0.60 3.03 £0.19 3.13+0.23 137.1 +£23 1458 +£3.1 168.0+3.7 177.1+3.7 184.8+6.3 57+ 4
OWI-5 13.8 4-11 25.0 1.87 £0.05 16.00 +0.89 4.05+0.19 4.27 £0.31 197.1 +£5.2 238.7+4.6 270.8+40 297.4+49 2847 +94 70 £5
OWI-10 17.8 4-11 242 216 +0.06 23.20 £1.22 5.42+0.25 5.61 +£0.45 231.2+4.7 373.3+10.0 4442+ 12.0 493.3 £15.2 549.5+21.9 88+%7
OwWI-1 20.1 100-200 17.4 2.04 £0.05 871 +£0.56 2.38 +0.13 3.29 +£0.13 288.8 +£8.1 386.6 + 15.8 511.7 +18.4 579.0 +£ 20.4 667.9 +20.8 176 +7
OWI-3 227 4-11 47.5 1.44+0.04 10.75+0.67 4.02+0.26 2.82+0.25 304.6 6.5 347.8 8.4 407.7+9.5 4581 +16.0 446.1 +£23.7 162+ 13
OWI-6 26.2 100-200 29.0 1.94+0.05 8.22+0.42 1.83+0.10 2.78+0.13 341.7 £10.9 570.9+19.5 711.6 £20.9 762.9 +21.6 827.7 + 30.8 274 +£10
OWI-7 30.2 100-200 209 1.784+0.05 7.65+0.52 1.84 £0.11 2.80+0.16 341.2+15.8 616.04+24.2 782.6 £ 37.7 854.1 £39.5 938.7 +47.1 305+ 16
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Fig. 4. Pollen diagrams from two selected intervals of the OWI record. Aquatic taxa are depicted in blue, and percentages refer to the respective sample’s refer-

ence sum.

therefore regard the pIR signal stimulated at 200 °C as more reliable and
focus on it in the discussion. However, the difference to ages calculated
using the D, of the signal stimulated at 250 °C differs by < 10 % of the
mean and is mainly within uncertainties. With the exception of the
topmost sample, ages increase with depth or overlap within
uncertainties.

3.3. Pollen and gastropod content

Two intervals, from 22.9 to 22.1 m and from 17.9 to 17.3 m depth,
were investigated for pollen contents at a 5-cm-resolution (Fig. 4). The
local pollen zone 1 (LPZ 1; 22.9-22.5 m) is characterised by relatively
high arboreal percentages (AP; >50 up to 80 %), comprising Pinus sil-
vestris-type accompanied by Picea, Pinus cembra-type, Hippophaé, Larix,
and Betula. Besides that, many heliophilous herbs occur, such as Poa-
ceae, Artemisia, and Thalictrum as well as Cyperaceae, which were
excluded from the pollen sum. LPZ 2 (22.5-22.1 m) shows around 20 %
of arboreal taxa. The non-arboreal pollen (NAP) spectrum is dominated
by Poaceae, and other heliophytes occur more frequently (e.g. Artemisia,
Thalictrum, and Ranunculus acris-type) as well as further taxa typical for
open conditions, like Selaginella and Botrychium. In LPZ 3 (17.9-17.7 m),
Poaceae are prevalent and accompanied by Alnus glutinosa-type and
Picea. Pinus is gaining subdominance in some samples. LPZ 4 (17.7-17.3
m) is also characterised by Poaceae dominance in most of the samples.
Compared to the previous pollen zone, Alnus is less important but Picea
and Pinus are more frequent.

In two horizons, gastropod shells were encountered during core
description, and bulk sediment samples were collected for their extrac-
tion and identification (sample G2: 13.32-13.45 m, G4: 8.73-8.78 m
depth). In two neighbouring boreholes, shells occurred at comparable
depth levels, and two further samples were taken (Gl and G3,

respectively; Fig. 3). Between 12 and 37 specimens, belonging to ten
terrestrial and one aquatic taxa mostly from mesophilous and open-land
ecological groups, were found (Table 2).

4. Discussion
4.1. Depositional phases

The Quaternary succession recovered at OWI can be subdivided into
two main depositional phases. These document a switch from domi-
nantly (glacio-)fluvial deposition by the Rhine River to dominantly
aeolian deposition, interrupted by some (locally sourced) fluvial and
palustrine intercalations.

4.1.1. Glaciofluvial phase

The lower part of the sediment sequence (~23-45 m depth) consists
of well-rounded beige-grey sandy gravel (Figs. 1 and 2). This is the
common facies of the Alpine-derived glaciofluvial outwash that repre-
sents the vast majority of the Quaternary infill of the southern URG
(Ellwanger et al., 2011; Gegg et al., 2024a; Hagedorn and Boenigk,
2008). This gravel builds up a giant alluvial fan that can be traced far
toward the distal graben end (Gabriel et al., 2013, and references
therein; Preusser et al., 2021; Gegg et al., 2024b). A diamictic layer of
unclear origin at ~32 m depth separates the glaciofluvial deposits into a
coarser lower, and a finer upper gravel unit. The latter contains some
locally derived material (reddish coarse sand and fine gravel; see
below). In the coarse gravel fraction, the petrographic spectrum consists
predominantly of quartzites, vein quartz clasts, and sandstones, which
are typical lithologies of Alpine-derived glaciofluvial gravels (Gegg
et al., 2024a, 2024b; Hoselmann, 2009; Preusser et al., 2021). This ap-
plies to the entire lower section, the two gravel units (32-45 and 23-31
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Table 2

Gastropod findings from OWI and neighbouring drillings (cf. Fig. 3). * Typical
glacial taxa nowadays mostly living between 1000 and 3000 m a.s.l. in the Alps
and Scandinavia (Welter-Schultes, 2012).

Ecological group Species Gl G2 G3 G4
Half-forested (mesophilous) Vitrea crystallina 1 3
Half-forested (humid and warm)  Arianta arbustorum 1 1
Open land Columella columella*® 1 1
Vallonia costata 1 4
Mesophilous Slugs 3
Trochulus hispidus 19 20 8 1
Mesophilous (hygrophilous) Cochlicopa lubrica 2
Hygrophilous Succinella oblonga 1 2 15
Palustral Pupilla alpicola* 5 1
Vertigo genesii* 2
Aquatic (standing waters) cf. Stagnicola palustris 1
Earthworm granules 2 2

m depth) cannot be differentiated based on gravel petrographic com-
positions. Interestingly, limestones and other carbonaceous lithologies,
the main primary component of the Alpine meltwater gravels (Gegg
et al., 2024a; Graf, 2009), are completely missing. We suggest that these
have been dissolved after deposition due to specific local
hydro-chemical conditions, as carbonate lithologies are still a large
component of similarly aged gravels in other parts of the URG (Gegg
et al., 2024b; Hoselmann, 2009). The beige fines within the gravels at
OWI are thus interpreted, at least in part, as dissolution residues.

Two luminescence ages of ~300 ka place the upper glaciofluvial unit
(23-32 m) into marine isotope stage 8 (MIS 8; after Lisiecki and Raymo,
2005), a global cold stage during which the Alpine headwaters of the
Rhine catchment were glaciated (Preusser et al., 2011; Schliichter et al.,
2021). Presumed correlative deposits occur both upstream in the Alpine
foreland (although their age determination is challenging; Graf, 2009;
Claude et al., 2017; Buechi et al., 2018, 2024), as well as >100 km to the
north at Kronau (Preusser et al., 2021) and in the Heidelberg Basin
(Gegg et al., 2024b; Hoselmann, 2009). The lower gravel unit at OWI
(32-45 m) was not suitable for dating due to a different drilling tech-
nique employed but might represent an older glaciation such as MIS 10
(~350 ka) or MIS 12 (~430 ka). Especially the latter could be a fitting
candidate, as it is interpreted as the most extensive glaciation of the Alps
(Preusser et al., 2011, 2021). Its large ice extent would have resulted in a
comparatively short glaciofluvial transport distance towards the drill
site, and probably in high sediment yields. This could explain the coarse,
purely Alpine-derived gravel facies observed at 32-45 m depth. Evi-
dence from two neighbouring boreholes (7413/1740 and 7513/3397;
Fig. 3) suggests that older mixed-facies gravels and fines, as represen-
tative of the upper section of OWI (see below), are to be expected
directly underneath, supporting the event-bed character of the interval
(Ellwanger et al., 2011; Preusser et al., 2021).

4.1.2. Aeolian phase

At a depth of ~23 m, the sedimentary facies and depositional setting
change drastically (Fig. 2). The coarse-grained glaciofluvial outwash is
replaced by predominantly ochre-beige silt that is interpreted as loess,
fine material deflated from proglacial outwash plains and braided riv-
erbeds and redeposited at the margins of the URG (Antoine et al., 2009;
Lehmkuhl et al., 2021; Schulze et al., 2022; Schwahn et al., 2023).
Luminescence ages suggest that loess deposition at the OWI site
occurred in at least two stages during the penultimate (MIS 6) and the
last glaciation (MIS 4 to 3). Major reworking of these aeolian sediments
can probably be excluded, at least where well-preserved gastropod shells
occur (Table 2). The loess sequence at OWI is interrupted by distinct
interbeds of reddish, angular gravel composed mainly of red granitoids
and volcanic rocks - lithologies that crop out east of the drill site in the
northern Black Forest (LGRB, 2023). Therefore, these gravels represent
events of intensive erosion and deposition after short-distance transport
from the adjacent URG shoulder, likely also under periglacial conditions
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(Ellwanger et al., 2009; Gegg et al., 2024b; Hoselmann, 2009). For
sample OWI-8 (5.4 m depth), collected from these locally sourced
gravels, the calculated luminescence age lies out of stratigraphic order
and is higher than expected by a factor of ~2. The most likely expla-
nation for age overestimation would be incomplete bleaching of the
luminescence signal, although this sample does not show an increased
scatter of D, values (Murray et al., 1995). The observed overdispersion
of the IR-50 signal of sample OWI-8 is 15 %, similar to values reported
for nearby Late Pleistocene sites (Marik et al., 2024; Preusser et al.,
2021). Since the dated layer is of local origin, we speculate it represents
a high-energy event (such as a flash flood) during which little if any light
exposure occurred. While it would have been worthwhile to cross-check
the luminescence chronology, radiocarbon dating of the encountered
gastropod shells was not considered as shell material from loess as old as
~40 ka has been reported as problematic in this context (e.g. Pigati
et al., 2013).

4.2. Neotectonic activity

A comparison with neighbouring boreholes reveals that locally
sourced gravel interbeds are missing further to the SSW, and that they
coincide in OWI with almost 10 m lower-lying stratigraphic boundaries
in the basal part of the profile (Fig. 3). This can be explained by
continued but episodic (post-MIS 8) differential subsidence of a fault-
bound block below the drill site (cf. Fig. 4 in Stober et al., 2023) that
on local scale created accommodation space for deposition of these
gravels. This would require an average vertical slip rate of ~0.05
mm/yr, which is in the range of previous estimates from the URG (e.g.
Peters and Van Balen, 2007a; Pena-Castellnou et al., 2023, and refer-
ences therein). In fact, there are several documented cases of
surface-rupturing (i.e. scarp-producing) palaeo-earthquakes in the URG
(Niviere et al., 2008; Pena-Castellnou et al., 2023, 2025; Peters and Van
Balen, 2007a; Shipton et al., 2017; Simon and Seyfried, 2020). Only
~30 km to the west, at Achenheim, France, at the opposite margin of the
URG, Lemeille et al. (1999) reported a major active fault with a cumu-
lated vertical offset of ~6 m since ~200 ka (dated by thermolumines-
cence; Buraczynski and Butrym, 1984), similar to what is observed at
OWI (Fig. 5). Here, the thickness of the local-facies gravel interbeds of
1-2 m provides an estimate for the maximum displacement per event. A
displacement of this order corresponds to an earthquake magnitude of
6-6.5 (Lemeille et al., 1999; Pena-Castellnou et al., 2023; Shipton et al.,
2017), which is equal to that of the largest historic earthquake in the
region (1356 AD at Basel; Lambert et al., 2005), and compatible with
liquefaction attributed to ground shaking as reported nearby by

Fig. 5. The normal fault at Achenheim accumulated ~6 m of vertical
displacement since ~200 ka, similar to the situation at OWI (sketch redrawn
after Lemeille et al., 1999, thermoluminescence ages from Buraczynski and
Butrym, 1984, photo from Bellier et al., 2021). Here, a potential fault scarp, less
distinct than on the western graben side, can be identified as well (dashed line).
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Montenat et al. (2007).

A second phenomenon that may be of tectonic origin is the drastic
and permanent shift from glaciofluvial-dominated to aeolian-dominated
deposition observed at OWI. This shift coincides roughly with the onset
of neotectonic activity in the vicinity of the drill site as proposed above,
and we consider it unlikely that it is a result of the depositional system’s
autocyclicity, i.e. the shifting of channel patterns due to sedimentary
dynamics (Gegg et al., 2024b; Menzies and Ellwanger, 2015), alone. It is
conceivable that larger-scale tectonic movements, for example subsi-
dence in the graben centre, could have triggered a general westward
shift of the Rhine course by relative lowering of the local base level.
Interestingly, the opposite trend has been observed further to the north,
in the Heidelberg Basin (Weidenfeller and Karcher, 2008; Weidenfeller
and Knipping, 2009). This is not implausible considering the fault-bound
block nature of the URG basement, in particular in vicinity to its
boundary fault systems (Peters and Van Balen, 2007a, 2007b; Shipton
etal., 2017; Simon and Seyfried, 2020). However, the situation at OWTI is
more complex as the aeolian phase here begins after an interval of dark
greyish fines (23-22 m depth) that are rich in plant fragments and
contain aquatic taxa (especially Myriophyllum, LPZ 2). These fines point
towards a period where subsurface conditions were stagnant and
reducing, potentially in a palustrine environment (cf. Gegg et al.,
2024b), which would imply, in contrast, a short-lived relative elevation
of the local base level. These considerations suggest that repeated dif-
ferential subsidence, and potentially relative uplift (Lang et al., 2011), of
different-sized blocks can lead to complex depositional dynamics on a
local to regional scale.

4.3. Palaeoenvironment and biostratigraphy

Within the above-mentioned fines, the pollen assemblages of LPZ 1
(22.9-22.5 m) represent a succession from open (shrub) birch stands
with juniper, willow, and buckthorn to an open forest mainly composed
of pine and spruce, and later of Pinus cembra. This reflects the early,
climatic optimum, and late stages of an interstadial (IS). The assem-
blages do not allow a palynostratigraphic classification on their own, but
the luminescence data place the succession into MIS 6. Bludau et al.
(1994) found an IS pollen sequence at Riedmatt at the upstream High
Rhine (Fig. 1) within clays with a locally intercalated peat layer un-
derneath glaciofluvial ‘Hochterrasse’ gravels of the penultimate glacia-
tion. The three pollen profiles show some similarities to our record
including dominance by Pinus and Picea (Bludau et al., 1994) that also
occur in the lower part of the early MIS 6 Rinikerfeld record nearby
(Gegg et al., 2023). The detected IS of LPZ 1 had a cool character
resembling shortly and mildly ameliorated conditions. Such environ-
mental conditions are known from (middle) Late Pleistocene IS as
encountered at Rosbach south of Mannheim (Kiittel et al., 1986) or in
LPZ 4 of the Gossau site in Switzerland (Burga, 2006; datings from Geyh
and Schliichter, 1997; Schliichter et al., 1987; compiled by Preusser
et al., 2003) and, under the premise of a climate gradient from west to
east, the Charbon IS found at Grande Pile in the Vosges (de Beaulieu and
Reille, 1992, datings from Woillard and Mook, 1982) as well. The sub-
sequent LPZ 2 (22.5-22.1 m) with tundra vegetation represents a stadial
phase of the penultimate glaciation.

A correlation of the LPZ 3 and 4 (17.9-17.7 and 17.7-17.3 m,
respectively) with the following (last) interglacial (Eemian; Schloss,
2012: URG; Schokker et al., 2005: Roer Valley Graben, Netherlands;
Zagwijn, 1961: Amersfoort Basin, Netherlands), during the later phase
of which boreal forests covered the landscape, can be ruled out because
of the total absence of Abies. Based on comparisons with long continuous
pollen records covering the Eemian and the earlier Late Pleistocene from
northeastern France (De Beaulieu and Reille, 1992; Rousseau et al.,
2007; Woillard, 1978), the Eifel region (Britzius et al., 2024), and the
northern Alpine foreland (e.g. Welten, 1981, 1982; Griiger and
Schreiner, 1993; Miiller, 2000; Miiller et al., 2003), the LPZ 3 and 4
could be assigned to the Odderade IS (MIS 5a, ~75 ka; Behre, 1989;
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Stojakowits and Mayr, 2022) due to the lack of Abies. This is just in
agreement with the results of luminescence dating and suggests that the
pollen assemblages reflect a somewhat atypical vegetation composition
in the Upper Rhine area due to a strong local signal of the Rhine
floodplain. For instance, thermophilous deciduous trees reach during
the climatic optimum of the Odderade IS a maximum of >70 % at
Grande Pile (Woillard, 1978), up to 30 % at Sulzberg-Baden (Welten,
1981, 1982) and a maximum of 20 % at Fiiramoos (Miiller et al., 2003)
reflecting the climate gradient with increasing continentality from west
to east. This would explain the fact that the non-arboreal pollen and
Alnus values, corresponding to the floodplain vegetation, are higher and
the amounts of thermophilous tree taxa are lower in our record
compared to the above-mentioned pollen profiles from north-eastern
France and the Alpine foreland. An assignment of LPZ 3 and 4 to the
Brgrup IS (MIS 5¢, ~90 ka; Stojakowits and Mayr, 2022) would be
compatible with the luminescence data but appears unlikely due the
continued findings of Picea and Larix, while Abies is absent. However,
the early phase of this IS between the so-called ‘Montaigu event’ (Reille
et al., 1992) and the slight spread of Abies cannot be entirely excluded.
LPZ 3 and 4 could possibly also be an equivalent of the Diirnten IS
described by Welten (1981, 1982), which is characterised by more open
boreal forests, composed of pine and spruce with some larch, compared
to the preceding Odderade IS. Younger IS of MIS 3 can be ruled out. For
instance, the pollen record of a peat layer situated in the Upper Rhine
Graben south of Heidelberg, which was correlated with the Hengelo IS
(~40 ka; Behre, 1989; Stojakowits and Mayr, 2022) based on radio-
carbon dating, revealed an open pine forest with some spruce (<10 %)
and probably little larch, too (Kiittel et al., 1986). Time-equivalents of
the Denekamp IS (~30 ka; Behre, 1989; Stojakowits and Mayr, 2022)
just reflect phases with open pine taiga without any occurrence of spruce
(e.g. Becker et al., 2006; Duprat-Oualid et al., 2017). In this context, the
site of Achenheim is noteworthy as well, as some pollen data exist from
its loess sequence (Heim et al., 1984). Unfortunately, the results gained
are not suited for comparisons because of low sample resolution and low
counted pollen sums.

The number and size of samples for gastropod extraction, collected
between ~13 and ~9 m depth (Fig. 3), was very limited. Therefore, the
small number of specimens precludes reliable, detailed conclusions
regarding palaeoenvironment and eventual biostratigraphic placement.
The species encountered are typical of Pleistocene loess sequences, and
two of them (Vitrea crystallina and Vertigo genesii) are only present in the
region during the Late Pleistocene Upper Pleniglacial (Moine, 2014).
Nevertheless, the observed molluscan assemblages do not help con-
straining the depositional age, as molluscan faunas from the last and
penultimate glacial periods often show similar compositions (see
penultimate-glaciation assemblages reported in Limondin-Lozouet and
Gauthier, 2003; Rahle, 2004). Noteworthy is the apparent absence of the
generally abundant taxon Pupilla muscorum, which can however be
explained by the small sample sizes (~5 % of the 10-L- samples classi-
cally taken in loess). All molluscan samples point toward a tundra-like
vegetation. Tentatively, sample G1 differs by the presence of a
shrubby-environment component with V. crystallina, Arianta arbustorum
and Columella columella, and species indicative of ponds (V. genesii and
cf. Stagnicola palustris). With only V. crystallina, Cochlicopa lubrica and
Pupilla alpicola, these two components appear to diminish in G2. Nor-
malised to 10 L their abundances would be intermediate between stadial
and interstadial ones, whereas those of G3 and G4 would rather fit with
stadial conditions. In G3, the sole presence of A. arbustorum and
C. columella suggests a less diversified bushy component and the even
weaker richness of G4 suggests a shift to a discontinuous vegetation
cover. The molluscan faunas of G2 and G3 are in qualitative agreement
with those observed in Late Pleistocene loess sequences at Nussloch
(~100 km NE; Moine et al., 2005; 2008), and G1 is compatible with the
pollen-based vegetational reconstruction for LPZ 1 and 2.
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Fig. 6. Sketch of the proposed sequence of depositional events at and around OWI (cf. Figs. 3 and 5).

5. Conclusions

A new stratigraphic profile from the central URG near Offenburg
(OWI) was introduced and the sequence of depositional events recon-
structed, which is summarised on Fig. 6. An older Mid-Pleistocene sur-
face of loess and gravel with locally-derived components, as recovered in
a neighbouring borehole (Fig. 6A) was covered by a massive layer of
Alpine glaciofluvial outwash, potentially during MIS 12 (Fig. 6B).
Deposition of mixed (dated to MIS 8), and lastly purely local gravel
followed (Fig. 6C). Starting in MIS 6, the (glacio-)fluvial deposits
became overlain by fines. At their base, they contain organic material
and an interstadial to stadial pollen sequence (penultimate glaciation;
LPZ 1 and 2) compatible with molluscs encountered in core 7513/3409
(sample G1), before transitioning into pure loess deposited in a humid
tundra environment first shrubby then discontinuously vegetated. At the
same time, subsidence along a fault to the south of OWI is proposed,
with the resulting topography being filled in by local-facies gravel
(Fig. 6D). Intercalated gravel layers in OWI (and fines with an Early Late
Pleistocene pollen sequence, LPZ 3 and 4) suggest that the same fault
was episodically active until present day (Fig. 6E).

This study highlights the relevance of the sedimentary record that is
stored, but still mostly untapped, in large parts of the URG. Due to its
subsidence history, the graben has provided accommodation space for
remarkably continuous deposition throughout — but not limited to — the
Quaternary. In comparison, phases of nondeposition and/or erosion
were brief, and therefore the corresponding sediments preserved valu-
able information on the long-term climatic evolution of central Europe,
its impact on floras and faunas, past glaciations of the Alpine headwa-
ters, and of the graben’s neotectonic history itself. Thus, there is ample
potential for further research uncovering new, and linking existing,
puzzle pieces of the URG’s depositional record.
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