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Abstract. The modern Alpine landscape and its foreland were strongly impacted by the numerous glacier ad-
vance and retreat cycles during the Middle-to-Late Pleistocene. Due to the overall erosive character of each
glaciation cycle, however, direct traces of older glaciations tend to be poorly preserved within the formerly
glaciated domains of the pan-Alpine area. Nevertheless, sediments of older glaciations may occur hidden un-
der the modern surface in buried glacially overdeepened troughs that reach below the normal level of fluvial
erosion (fluvial base level). These sedimentary archives, partly dating back to the Middle Pleistocene period,
are of great scientific value for reconstructing the timing and extent of extensive Alpine glaciation, paleocli-
mate, and paleoenvironmental changes in the past and help to better understand ongoing and future changes in
the pan-Alpine area. Therefore, the International Continental Scientific Drilling Program (ICDP) project DOVE
(Drilling Overdeepened Alpine Valleys) targets several of these glacial overdeepened sedimentary basins to re-
cover their sedimentary infills. In the frame of the DOVE project, a 252 m long drill core of unconsolidated
Quaternary sediments was recovered in northern Switzerland from an over 300 m deep glacially overdeepened
structure (“Basadingen Trough”) formed by the former Rhine Glacier lobe system. The recovered sedimentary
succession was divided into three stratigraphic units on the basis of lithological and petrophysical characteristics.
The lowest unit, deposited below the fluvial base level, consists of an over 200 m thick succession of glacial to
(glacio)lacustrine sediments and contains remains of possibly two glaciation cycles. Overlying this lowermost
succession, an ∼ 37 m thick fluvial-to-glaciofluvial gravel deposit occurs, which correlates to a locally outcrop-
ping Middle Pleistocene formation (“Buechberg Gravel Complex”). The sediment succession is capped by an
∼ 11 m thick diamictic succession interpreted as the subglacial till from the later extensive glaciation, including
the regional glaciation during the Last Glacial Maximum. The recovered sediment succession thus supports the
proposed multi-phase origin of trough formation and its infill.

1 Introduction

The global marine isotope records reveal the changes in the
global temperature and ice volumes during the Quaternary.
This geological period is dominated by glacial–interglacial
cycles, each including stadial–interstadial higher-frequency
fluctuations (Lisiecki and Raymo, 2005). Further, the marine

isotope records show a global shift in the periodicity from ca.
41 to 100 ka and an increase in the amplitude of the temper-
ature and ice volume during the Middle Pleistocene climatic
transition (MPT) between 1250 and 700 ka (Ruddiman et al.,
1986; Clark et al., 2006). During each glacial–interglacial cy-
cle, ice sheets grew in the polar areas as well as in mountain-
ous areas (including the Alps), and glaciers advanced into
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the lowlands from where they retreated again with the onset
of the next interglacial. While the last glaciation left promi-
nent traces in the Alpine landscape (e.g., erratic blocks and
side and end moraines), traces of previous glaciations often
became obscured and eroded as advancing glaciers modified
the overridden landscape drastically.

During extensive glaciation of the Alpine foreland, nu-
merous glacially overdeepened troughs were eroded by sub-
glacial processes below the fluvial base level, i.e., below the
lowest fluvial channels terminating downstream with adverse
slopes (e.g., Cook and Swift, 2012; Alley et al., 2019). Upon
deglaciation, the troughs were refilled with sediments and,
in most cases, eventually completely buried. Like this, the
valley fills remained at least partially protected from subse-
quent glacial and fluvial erosion and therefore contain rel-
atively complete or multi-phase archives extending through
several glacial cycles (Preusser et al., 2010; Ellwanger et al.,
2011; Pomper et al., 2017; Buechi et al., 2018). Therefore,
these overdeepened valley fills represent some of the most
valuable land-based sedimentary archives in glacial land-
scapes for reconstructing glacial history over multiple glacia-
tions. They thus contribute significantly to reconstructing the
glaciation history preceding the last glacial cycle in areas
such as the Alps and its foreland, as shown in several case
studies (Dehnert et al., 2012; Fiebig et al., 2014; Buechi et
al., 2018; Schwenk et al., 2022). These studies profited from
new developments in dating methods, especially lumines-
cence dating and cosmogenic nuclide burial dating, which al-
low researchers to establish an absolute chronology of those
archives, which is a prerequisite for understanding and re-
constructing the local-to-regional glaciation history into a
broader context. On a regional scale, the onset of increased
glacial erosion (Haeuselmann et al., 2007; Valla et al., 2011)
and the beginning formation of overdeepened structures dur-
ing the MPT have been proposed for the Alpine region at
that time (e.g., Schlüchter, 2004; Ellwanger et al., 2011). The
initial concept with four proposed Alpine glaciations (Penck
and Brückner, 1909) has been replaced by a scenario with ca.
15 proposed glaciations (Preusser et al., 2011). Furthermore,
it has been documented that regional the glacial dynamics
and extents also vary strongly inside the pan-Alpine area. For
example, it is postulated that at around ca. 65 ka, the glaciers
in the western Alps reached their last maximum of exten-
sion (e.g., Gribenski et al., 2021), while it is postulated that
glaciers barely reached into the inner Alpine valleys in the
Eastern Alps (Ivy-Ochs et al., 2008). Such asymmetry and
asynchronicity can be related to many local, regional, and
global factors such as topography, climate change (including
temperature and precipitation), and ice dynamics (e.g., Reber
and Schlunegger, 2016; Spötl et al., 2021).

All these studies also underline the potential and justify
the significant logistical and financial effort to drill, docu-
ment, and analyze these overdeepened troughs and their sedi-
ment fill. Besides their unique scientific value as sedimentary
archives, understanding overdeepened structures is also cru-

cial for applied aspects such as the longtime safety of nuclear
waste disposal sites, groundwater reservoirs, natural hazards,
and large-scale underground transportation infrastructure.

Project DOVE

In the frame of the International Continental Scientific
Drilling Program (ICDP) project Drilling Overdeepened
Alpine Valleys (DOVE), the sedimentary infill of several
overdeepened troughs are targeted with the overarching goal
of quantifying the proposed asymmetry in the extent and tim-
ing of the Alpine glaciations in the pan-Alpine area and their
implications for the paleoclimate, paleolandscape, and pa-
leoenvironmental evolution back to the Middle Pleistocene.
A detailed overview of the DOVE project is provided in
Anselmetti et al. (2022). The project seeks to achieve these
goals by combining the following: (i) a series of new drill
cores, (ii) analyzing existing drill cores, and (iii) geophys-
ical surveys across overdeepened troughs. The project is
grouped into two phases: Phase I covers the northern and
northeastern parts of the Alps (Switzerland, Germany, and
Austria) and comprises three drill cores from the former
Rhine Glacier area (ICDP Site 5068_1, TANN, IGSN (In-
ternational Generic Sample Number): ICDP5068EH70001;
ICDP Site 5068_2, BASA, IGSN: ICDP5068EH40001;
and ICDP Site 5068_6, GAIS, IGSN: ICDP5068EHG0001;
Fig. 1a), one from the former Isar-Loisach Glacier area
(ICDP Site 5068_3, SCHA, IGSN: ICDP5068EHC0001),
one from the former Salzach Glacier area (ICDP Site 5068_4,
FREI, IGSN: ICDP5068EHD0001), and one from the for-
mer Traun Glacier area (ICDP Site 5068_5, BADA, IGSN:
ICDP5068EHE0001) (Anselmetti et al., 2022). It is planned
to cover the southern and western parts of the Alps (Slovenia,
Italy, and France) in Phase II (Anselmetti et al., 2022). The
comparison and integration of data in Phase I will occur in
several steps: (i) the data of the individual drill cores will be
individually analyzed and integrated into the local context;
(ii) the sites will be integrated into their extended regional
system, e.g., the individual glacier lobes; and (iii) an over-
all synthesis of Phase I in the northern Alps will be accom-
plished. Eventually, the same steps are planned for Phase II
for the southern and western areas. Finally, the overall DOVE
synthesis and integration over the entire pan-Alpine area will
be achieved. This study represents the first step on this path
and presents the results of the ICDP site 5068_2 (BASA),
where the first ICDP drill core was recovered on Swiss terri-
tory (Fig. 1a and b).

2 Study area

The study area is located in the southwestern part of the for-
mer Rhine Glacier lobe and inside the proposed Most Ex-
tensive Glaciation (MEG) during the Middle Pleistocene and
the Last Glacial Maximum (LGM, Fig. 1a). Previous stud-
ies have documented a dendritic pattern of overdeepenings
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Figure 1. (a) Overview of the overdeepened systems within the former Rhine paleoglacier lobe (modified from Ellwanger et al., 2011).
Extents of the Rhine Glacier during the Most Extensive Glaciation (MEG) and of the Last Glacial Maximum (LGM) and two DOVE
Phase 1 sites: 5068_1 (TANN), 5068_2 (BASA), and 5068_6 (GAIS) are indicated. (b) Regional overview of the overdeepened system of
the southwestern branch of the Rhine Glacier, including the thickness of the Quaternary sediments (Pietsch and Jordan, 2014), the postulated
local Middle Pleistocene paleochannels (Graf, 2009b), the indicated DOVE site 5068_2 (BASA), and trace of the seismic line. (c) Pre-
drilling interpretation of the seismic line across the Basadingen Trough (Brandt, 2020): M represents the molasse bedrock; the green line
represents the outline of trough; A–G represent the stratified unconsolidated Quaternary filling with indicated potential erosional (solid lines)
and internal boundaries (dashed lines); solid black lines in M represent prominent and potential continuous reflections; dashed black lines
represent assumed faults; the black vertical line represents drill hole 5068_2-A (BASA-A) with predicted bedrock at ∼ 240 m depth. Note
that the final drilling depth of 252 m did not penetrate bedrock but ended in coarse (basal) sediments.
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within the footprint of the Rhine Glacier (Fig. 1a). Geomet-
rically, these overdeepened basins appear to have a common
root in the Alpine Rhine valley and the partially filled basin
of Lake Constance (e.g., Keller and Krayss, 1993; Cohen et
al., 2018; Ellwanger et al., 2011; Fabbri et al., 2021; Schaller
et al., 2022). From this root, several overdeepened basins
branch into side systems and even further distal overdeep-
enings (Fig. 1a). While the origin of this pattern is not fully
understood, regional studies indicate that the formation of
these overdeepenings did not all occur at the same time but
during different glaciations (e.g., Graf, 2009a, b; Ellwanger
et al., 2011; Müller, 2013).

In the surroundings of the drill site, with a terrain eleva-
tion at the drill site of ∼ 445 m above sea level (m a.s.l.),
several parallel to partly cross-cutting bedrock overdeep-
enings have been detected in bedrock surface maps com-
piled from variably abundant drillings and geophysical data
(Fig. 1b; e.g., Müller, 2013; Pietsch and Jordan, 2014). The
bedrock overdeepenings, including the Basadingen Trough,
reach over 300 m below the modern topography and are
mainly incised into the Neogene siltstones and sandstones
of the Molasse basin (mainly Upper Marine Molasse, OMM,
and Lower Freshwater Molasse, USM; Hofmann and Han-
tke, 1964; Hofmann, 1967). The bedrock maps also re-
veal characteristic adverse slopes at the termini of the in-
dividual overdeepenings. At the surface, the considerable
bedrock relief due to overdeepening glacial erosion is buried
by younger glacial or glaciofluvial sediments (Graf, 2009b;
Müller, 2013).

The transition from the overdeepened to non-
overdeepened (fluvial) domain is an important physical
process boundary for the interpretation of the erosional
and depositional processes. The lowest fluvial outlet of the
study area is the Klettgau fluvial paleochannel and lies at
∼ 340 m a.s.l. just west of Schaffhausen. Considering this
minimal fluvial base level, the erosional and depositional
processes below ∼ 100 m core depth have occurred in an
overdeepened position and, thus, most likely in a subglacial-
to-lacustrine setting. Higher values for the fluvial base level
at the drill site – but with larger uncertainties – can be
estimated from the highest elevations reached by the adverse
slopes. Based on the base maps of the lowest fluvial gravels
(“Buechberg Gravel Complex”, Middle Pleistocene; Müller,
2013), Graf (2009b) and Müller (2013) convincingly show
that the lowest Pleistocene base (LPB) level gently rises
to the east and reaches ∼ 370 m a.s.l. at the lowest known
basal contact of the gravel formation. The base map reveals
a strong topography of this basal boundary surface, which
lies between 390 and 400 m a.s.l. around the drill site.

As part of the drill site selection process, two closely
spaced seismic cross-sections over the Basadingen Trough
were acquired using an acoustic signal source with a
frequency between 20 and 240 Hz, a shot-point spacing
of 4 m, and a receiver spacing of 2 m (Brandt, 2020,
Fig. 1c). The time-to-depth conversion of the two lines

was based on the stacking velocity model, assuming veloc-
ities of ∼ 2500 m s−1 for bedrock and between ∼ 1400 and
∼ 2100 m s−1 for the sedimentary infill. The use of the rather
simplified velocity model may have caused some uncertain-
ties in the time–depth conversion of the seismic data. Both
lines indicate a nearly 300 m deep bedrock incision and an
infill which was interpreted to be a complex stratified ge-
ometry with a major cross-cutting unconformity separating a
deep and narrow structure from a broad and shallow depres-
sion. This pattern suggests a multi-phase infill history dur-
ing at least two glaciation cycles, as was earlier proposed by
Müller (2013) based on existing flush drillings.

3 Methods

3.1 Drilling and downhole operations

Drilling operations were conducted by a private contractor
(Fretus AG, Bad Zurzach, Switzerland) between 25 May and
10 November 2021 (Fig. 2a–d). A final depth of 252 m was
reached using a combined approach of percussion drilling
(Düsterloh hammer) to a depth of 57 m and, below, a triple-
tube core-barrel system (CSK-146 wireline diamond-coring
system). Bedrock, initially predicted for ∼ 240 m (Fig. 1c),
could not be reached due to geotechnically challenging sedi-
ments, loss of drilling fluid in the hole, and related technical
difficulties at the final depth of 252 m. The > 12 m underesti-
mation of Quaternary sediment thickness is likely related to
uncertainties in (i) the seismic velocities and/or (ii) the inter-
pretation of the deeper reflections. A total of 278 core sec-
tions with a core diameter of 104 mm and lengths between
0.1 and 1 m were recovered in opaque PVC liners. The lin-
ers had a standard length of 1 m and were only cut if the
length of the nominal drilled section was < 1 m. The liners
were not cut in the case of core loss, and this space was not
compensated with filler material. Consequently, the quality
of those sections may have suffered due to some remobi-
lizations, especially in cases of low internal cohesion. How-
ever, since the main reason for the core loss was mobiliza-
tion and/or flushing during the drilling itself, those sections
were of poor quality anyway. A total recovery of ∼ 94 %
was reached, from which∼ 11 % was disturbed to the degree
that it lost its internal structure. Water inflow was registered
at depths of 3–4 and 10–11 m. The local groundwater table
was reached at a depth of ∼ 29.5 m, which remained stable
during the entire drilling operation. Significant drilling-fluid
losses occurred in gravel-dominated sections between 93–
108 and 141–143 m and below 250 m. They represent the
major technical and lithological challenges encountered dur-
ing the drilling operation. For stabilizing and reducing the
drilling resistance inside the drill hole, the drill hole was tele-
scoped several times by using different casing diameters and
a flushing agent consisting of water mixed with additions of
biodegradable polymers and bentonite. After the completion
of the drilling activities, a broad downhole wireline logging
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campaign was executed by the Leibniz Institute for Applied
Geophysics (LIAG). After completion of the wireline log-
ging, the drill hole was refilled with intervals of gravel, ben-
tonite, and concrete according to governmental regulations.
A detailed technical overview of the drilling and logging op-
erations; core quality; the technical parameters, such as bore-
hole geometry, used casings, and the applied refilling scheme
is provided in the DOVE operational report (DOVE-Phase 1
Scientific Team et al., 2023a).

3.2 Core handling, description, and analysis

3.2.1 On-site core-related workflow

After recovery, the liners were sealed and labeled with sec-
tion ID and driller depth. Each core section was weighed for
a preliminary approximation of recovery. In parallel to the
drilling campaign, p-wave velocity (will not be further con-
sidered due to poor quality), wet bulk density, magnetic sus-
ceptibility, and natural gamma radiation of each core section
were measured in the field laboratory (Fig. 3) with a Geotek
multi-sensor core logger (MSCL) (Geotek Limited, Daven-
try, Northants, UK) at a resolution of 5 mm. The core sections
were stored in labeled standard-sized wooden boxes for bet-
ter handling. Later, they were brought in batches to the Insti-
tute of Geological Sciences, University of Bern, to be stored
in the cooling room until the initial core description (ICD). In
parallel to recovering, the fine-grained and sandy sediments
were strategically sampled for noble-gas pore-water analyses
(16 samples) and microbiological investigations of the deep
biosphere (60 samples).

3.2.2 Off-site core-related workflow

During the ICD, each core section was cut, opened, and split
lengthwise into an archive half for non-destructive analyses
and a working half for invasive sampling. Complete process-
ing of the working half was performed under red-light con-
ditions to prevent light contamination, potentially hamper-
ing the use of optically stimulated luminescence (OSL) dat-
ing. The following work was conducted on each archive half.
A high-resolution line scan was obtained, and each section
was sedimentologically described and documented in a log
sheet. The focus of these descriptions was on the following:
(i) the dominant grain size, (ii) type and thickness of bed-
ding, (iii) color, (iv) contacts between different beds, (v) sec-
ondary sedimentary structure, (vi) quality of the core sec-
tion, and (vii) an overview of clast lithology and morphology.
Furthermore, where applicable, undrained shear strength (c′u)
and undrained uniaxial compressive strength (q ′u) were mea-
sured at 25, 50, and 75 cm section depth with a pocket vane
shear tester and a pocket penetrometer. A final total depth
was defined based on the observations of core quality from
the ICD and the driller’s top depth of each section. Depth is
addressed as meters total depth (mtd) when discussing the
entire sediment succession or as centimeter section depth

(cmsd) when aiming for individual core sections. Based on
the combined findings from the ICD, 14 sedimentary litho-
types were defined and described (Table 1). The whole sedi-
ment succession was assigned to the best-fit lithotype. Even-
tually, the stratigraphic succession was subdivided into three
main stratigraphic units (A–C).

In addition, X-ray computed tomography (CT) images of
49 selected core sections were taken with a medical X-ray CT
scanner at the Institute of Forensic Medicine, University of
Bern. Systematically, 231 samples for grain-size distribution,
geochemical analyses (e.g., total inorganic carbon, TIC, and
total organic carbon, TOC), and potential additional investi-
gations were taken from each working half at 50 cmsd when-
ever possible (sample spacing ∼ 1 m). These samples were
freeze-dried, and the mean water content at each position was
derived from the corresponding weight differences between
the three wet and dry subsamples. Furthermore, smear slides
have been taken from interesting silt- and clay-rich sections.

Further, based on the line scans, samples were taken for
a first screening of pollen content (31 samples), lumines-
cence dating (22 samples), cosmogenic nuclide burial dat-
ing (2 samples), and geotechnical analyses (23 samples).
After completing the ICD and the sampling campaign, the
core halves were sealed in lightproof black foil, stored in
standard-sized wooden boxes, labeled according to the ICDP
guidelines, and brought to a commercial cooled storage facil-
ity, which serves as a temporary repository during the active
DOVE Phase I (Anselmetti et al., 2022). For further informa-
tion on the curated samples, analysis, and data, see the oper-
ational dataset (DOVE-Phase 1 Scientific Team et al., 2023b)
and explanatory remarks (DOVE-Phase 1 Scientific Team et
al., 2023c).

3.2.3 Carbon analysis (organic matter and carbonate
content)

Total carbon (TC), nitrogen, sulfur, and total inorganic car-
bon (TIC) were analyzed from the fine fraction (< 63 µm)
using a Thermo Scientific FLASH 2000 elemental analyzer
(Thermo Fischer, Waltham, MA, USA). Total organic car-
bon (TOC) was derived as the differences between TC and
TIC. Weight percent of carbonates (CaCO3) and organic mat-
ter were calculated using a stoichiometrically simplified ap-
proach from TIC and TOC through multiplication with 8.3
and 1.8, respectively (Meyers and Teranes, 2001). This ap-
proach does not consider potential down-core changes in car-
bonate phases (i.e., dolomite / carbonate ratio). Nevertheless,
it allows for a quantitative approximation of the total litho-
logical constituents.

3.2.4 MSCL data processing

MSCL data were processed in five steps: (i) data of empty
sections of liners, representing core loss, were removed; (ii) a
baseline correction was applied to the corresponding mag-
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Figure 2. (a) Drill rig used from 0 to 228 mtd (meters total depth); (b) drill rig used from 228 to 252 mtd; (c) drill bit used during percussion-
hammer coring to a depth of 57 mtd; and (d) diamond and hard-metal drill bit used during rotary drilling below 57 mtd (photos by Sebastian
Schaller).

Figure 3. Field lab near the drill site containing the MSCL scanner
(photo by Sebastian Schaller).

netic susceptibility data to correct potential systematic shifts
in the data (subtraction of the average of the calibration data
between 0.5 and 15 cm of each measurement cycle); (iii) low-
density data (< 1.5 g cm−3), considered heavily disturbed
sections, were excluded from the density log; (iv) p-wave
velocity data with an amplitude of 0, representing poor data
quality, were excluded from the p-wave data (As the overall

data quality of the p-wave data is low, p-wave-velocity val-
ues are not further presented or discussed.); (v) the depth of
the cleaned MSCL logs was corrected with the actual depth;
and (vi) the data from the uppermost and lowermost centime-
ter in each section were considered likely disturbed and thus
excluded.

4 Results

4.1 Core lithologies

The 252 m long sediment succession was divided into 14
sedimentological lithotypes (Fig. 4). Table 1 provides an
overview of these 14 defined lithotypes, including descrip-
tion and interpretation of the depositional environment, along
with a representative core-section line scan. Figure 5 displays
a composition of detailed line scans, CT scans, and the key
lithotypes of 10 selected core sections.

4.2 Lithostratigraphic units

Based on the succession of the 14 endmember lithotypes (Ta-
ble 1), the recovered succession (Fig. 4) was grouped into
three lithostratigraphic units (A, B, and C), with Unit A con-
taining five subunits (A1–A5). These units are briefly char-
acterized from bottom to top.
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Table 1. Colors and lithocodes of the individual lithotypes with description and interpretations. The line-scan image shows a representative
core section (origin of line scan is indicated in the lower-right corner of core photos); scale is in centimeters.

4.2.1 Unit A: 252.00–47.75 mtd

Unit A consists of primarily sand-dominated sediments
(Fig. 5c–j) intercalated by several-meter-thick gravel-
dominated beds (Fig. 4). The sand-dominated successions

can be distinguished and categorized into three types:
(i) stacked massive sandy beds with low clay and silt con-
tent (Table 1; Sm and Sh), partially separated by clay caps
(Fm), and intercalated by isolated minor gravel beds (Gms)
or gravel-rich sections (SGm); (ii) fine-to-medium sand beds

https://doi.org/10.5194/sd-32-27-2023 Sci. Dril., 32, 27–42, 2023
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Table 1. Continued.

with a higher clay and silt content, thin-bedded (Sh) to lam-
inated (Sl) and partially cross-bedded (Sc), and with isolated
clay laminae (Fm); and (iii) massive sand (Sm, Sh, Sl, and
Sil) interbedded to intercalated with mostly centimeter-to-
decimeter-scaled partly stratified beds of sand and gravel mix
(SGm), massive gravel beds (Gms), and stratified (Dms) or
massive diamictic (Dmm) beds. The sandy successions, in
parts, show traces of ductile deformations (Table 1; Sd, e.g.,

boudinage, flame structures, folding, and dewatering struc-
tures) and some brittle deformation (e.g., small-scale faults).
The bases of the rather massive sandy or gravel-rich beds par-
tially show erosive contacts, which may contain rip-up clasts
(Mcc).

The gravel-dominated beds within Unit A can be fur-
ther divided into two types: (i) more diamictic beds (Ta-
ble 1; Dcm) with a silt-rich matrix, steeply inclined beds,
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Figure 4. Lithological and petrophysical data versus depth. Columns from left to right: depth-scale [mtd], stratigraphic units (labeled with
A1–A5, B, and C; WT=water table; LPB= lowest Pleistocene base level), lithotypes, dominant grain size with indicated main lithotypes,
symbols of prominent observations, wet bulk density (g cm−3), magnetic susceptibility (SI× 10−5), natural gamma radiation (CPS, counts
per second), water content with indicated standard deviation (wt %), undrained uniaxial compressive strength (q ′u) (kPa), undrained shear
strength (c′u) (kPa), organic matter content (wt %), carbonate content (wt %), and the recovery. Main lithotypes are indicated as semi-
transparent color codes over the plot’s entire width.
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Figure 5. CT and line scans of selected representative core sections with corresponding lithotypes. Each core section is labeled
at the top; the scale is in centimeter section depth (cmsd) and shows the following from left to right: line scan, CT scan, and
lithotypes. The color code for the lithotypes is given at the bottom. Shown core sections from left to right are the following:
(a) 5068_2_A_010_1 (9–10 mtd), (b) 5068_2_A_016_1 (15–16 mtd), (c) 5068_2_A_063_1 (58–59 mtd), (d) 5068_2_A_076_1 (74–75 mtd),
(e) 5068_2_A_090_1 (93–94 mtd), (f) 5068_2_A_111_1 (111–112 mtd), (g) 5068_2_A_123_1 (122–123 mtd), (h) 5068_2_A_172_2 (182–
182.88 mtd), (i) 5068_2_A_186_2 (196–197 mtd), and (j) 5068_2_A_227_1 (249–250 mtd).
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and, in parts, including striated and bullet-shaped clasts and
(ii) gravel beds (Gms) with better clast rounding, low silt
and clay content, and a primarily sandy matrix. The base of
Unit A (> 249.7 mtd) is built by a succession of diamictic
beds with a massive dropstone-rich∼ 0.5 m thick clay bed on
top (Fm; Fig. 5j). Several larger Molasse bedrock fragments
and clasts with glacial striations occur in this diamictic suc-
cession. Additionally, some coarse-grained sections have a
high permeability as large volumes of fluids were lost during
drilling.

Over the entire Unit A, the sandy sections generally show
lower density and magnetic susceptibility values and higher
natural gamma values than gravelly ones (Fig. 4). Organic
matter content varies between 0.5 % and 1 % except from
some isolated peaks of up to 2 % in the sandy sections and
a drop to nearly 0 % below 217 mtd. The carbonate content
ranges between ∼ 40 % and 50 %.

4.2.2 Unit B: 47.75–11.00 mtd

Unit B consists of a succession of decimeter-to-meter-thick
beds of sandy (Table 1; Gms) to partly silty (Gmf) gravel
with isolated sand beds. The gravel beds are well sorted to
locally moderately sorted with a clast-size range from fine
to coarse gravel with some cobbles, and clasts are mostly
(sub-)rounded to well-rounded. The groundwater table sepa-
rates the succession of Unit B into the following: (i) below
∼ 29.5 mtd, constantly water saturated and with a sand-rich
and silt-and-clay-poor matrix, and (ii) above ∼ 29.5 mtd, af-
fected by the fluctuation of the groundwater table, with local
cementations and oxide-covered clasts and a partly silt- and
clay-enriched matrix (Fig. 5b). The section generally has a
high density with stepwise changes above the groundwater
table, high but noisy magnetic susceptibility values, and low
natural gamma values (Fig. 4). Furthermore, Unit B has a
low organic matter content of ∼ 1 % and a highly variable
carbonate content between 35 % and 65 %.

4.2.3 Unit C: 11.00–0.00 mtd

The uppermost unit consists mainly of a massive to crudely
bedded, poorly sorted, silty to partly sandy matrix-supported
diamict (Table 1; Dmm; Fig. 5a) with a clast-size range from
fine gravel up to cobbles and a frequent appearance of stri-
ated and/or bullet-shaped/flat-iron-shaped clasts. A general
fining-up trend occurs in the clast size together with a de-
crease in clast content from ∼ 80 % to > 5 %, supported by
the up-core decreasing trend of the density values and the
negatively corresponding natural gamma log (Fig. 4). The
uppermost ∼ 1 m shows an increasing level of organic mat-
ter, decalcification, signs of bioturbation, and a humus layer
on its very top.

5 Interpretation and discussion

5.1 Interpretation of depositional environment

5.1.1 Unit A (252.00–47.75 mtd): overdeepened basin
fill

The sediments of Unit A were deposited in an overdeep-
ened setting in a clastic-dominated glacial, glaciolacustrine,
or lacustrine environment. The thick, stacked succession of
current and mass-movement-dominated lithotypes suggests
that the overdeepening was the depocenter and dominated by
fast accumulation forming deltaic or basin-floor fan systems
(Table 1). In such a setting, the observed lithotype associa-
tion with thick sandy successions (mainly Sm and Sh), in-
terbedded gravels (Gms), and gravelly diamicts (Dms, Dcm,
and Mcc) may be interpreted as an externally forced system
driven by allogenic or autogenic processes. In the case of
an autogenic endmember, the activity and proximity of the
sediment influx from the glacier or rivers exert the dominant
controls defining the primary sediment and energy source
(e.g., Lønne, 1995; Fitzsimons and Howarth, 2018). Thus
the changes in the grain-size distribution and the thickness
of the bedding may represent changes in the glacier’s posi-
tion. However, since these energy changes are not instanta-
neous but occur gradually over a longer time, other processes
are needed to explain the frequently observed grain-size
variations. Alternatively, accumulation on proximal basin-
floor fan systems is associated with considerable lateral fa-
cies variability, reflecting allogenic changes of the deposition
on basin-floor fans (Lønne, 1995; Fitzsimons and Howarth,
2018). This would partly suppress the sedimentary traces of
the glacial proximity-related long-term depositional environ-
mental changes, especially the potential shift from a glacio-
lacustrine towards a more lacustrine regime. Nevertheless,
with an increasing distance of the glacier, the dominant de-
positional environment will evolve from a direct glacial, via a
glaciolacustrine, to a lacustrine one, which may even develop
into a warm lake state until the next glacial advance will
reverse the evolution (e.g., Fitzsimons and Howarth, 2018;
Dehnert et al., 2012; Anselmetti et al., 2022). On the basis of
these processes, the succession of depositional environments
of Unit A is subdivided into five subunits (from bottom to
top, A1–A5):

– Subunit A1 (> 249.7 mtd). The basal diamictic succes-
sion (Table 1; Dmm, Dcm, and Fm) is interpreted as
proximal, submarginal to possibly subglacial deposits,
emplaced in close proximity to a glacier grounded in the
deep trough. The interpretation is supported by the per-
vasive occurrence of striated clasts and the strongly in-
clined bedding, indicating glaciotectonic processes. The
large number of local bedrock fragments in the basal
succession indicates proximity to the bedrock surface.
The succession shows similar properties to the basal
sediments encountered by Dehnert et al. (2012), Buechi
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et al. (2017), and Schwenk et al. (2022). These de-
posits were also interpreted by them as ice-contact sed-
iments at the transition to glaciolacustrine deposition.
This transition is represented in the recovered sediment
succession by a massive clay bed (Fig. 5j).

– Subunit A2 (249.7–0128.7 mtd). This section is inter-
preted to have been deposited in a glaciolacustrine
setting and consists of the following: (i) thick to
medium bedded sand-dominated hyperconcentrated to
concentrated density-flow deposits (Table 1; Sm and
Sh; Mulder and Alexander, 2001); (ii) massive gravel-
dominated beds, likely high-concentration channelized
density-flow deposits (Gms), originating from a sub-
aqueous glacial fan system (Eyles et al., 1983); and
(iii) a succession of rather thin-bedded to laminated
sands of likely turbiditic origin (Sl and Sc; Mulder and
Alexander, 2001; Bouma, 1962). This turbiditic succes-
sion separates the partially interbedded sand-dominated
and gravel-dominated density-flow deposits into a lower
and upper succession, and the latter is terminated by a
massive gravel bed. Since these sharp changes in grain
size and bedding, frequently observed in this unit, are
likely directly related to the flow energy, they may also
indicate a lateral variation of the glacier outlet or local
subaquatic channel-levee patterns along the submerged
proglacial front. Thus, the long-term grain-size evolu-
tion controlled by glacier proximity is superimposed by
higher-frequency changes caused by local variations in
this highly dynamic setting of the glacier front. There-
fore, it is unclear if the laminated to partially cross-
bedded succession represents a rather lacustrine envi-
ronment with a more distal-located glacier or a low-
energy endmember of the lateral changing depositional
system.

– Subunit A3 (128.7–103.2 mtd). The succession of tightly
interbedded sand (Table 1; Sh) and gravel (Gms) beds
shows a partially diamictic character (Dms, Mcc, and
Sil). These gravel-rich beds possibly represent slumps
and subaquatic mass movements originating on unsta-
ble slopes of the rapidly infilling basin (e.g., deltas).
The collapse of these unstable slop deposits could be
linked to increased sediment flux caused by increased
fluvial activity (e.g., glacial outburst floods), an advanc-
ing glacial front, or even earthquake shaking. The sec-
tion shows traces of likely glaciotectonic overprinting
(Sd, ductile and brittle deformation structures). Further,
the top contact of this succession is built by a strongly
ductile deformed and/or folded sand bed (Sd).

– Subunit A4 (103.2–91.0 mtd). This upper diamictic suc-
cession (Table 1; Dcm) is similar to the basal one of
Subunit A1 but lacks a massive clay bed on top (Fig. 5e
and 5j). The upper diamict is also interpreted as sub-
glacial deposits, possibly representing another period of

ice contact or at least ice proximity. The sharp and high-
frequency changes in grain size of the diamict’s top (Sil,
Dcm, and Fm) indicate a partially high-energy but un-
stable environment. This transition is possibly related
to pulsing channelized glacial meltwater outbursts that
prevented the deposition of a massive clay bed here.

– Subunit A5 (91.0–47.7 mtd). Subunit A5 is similar to the
lower glaciolacustrine section of Subunit A2. However,
the overall absence of the massive gravel beds indicates
a shift to a more glaciolacustrine-to-lacustrine environ-
ment where the depositional energy was lower. More-
over, the succession shows some sections enriched in
dropstones (Fig. 5c), pointing to a distal ice-contact lake
environment. The whole sediment succession of Unit A
is sharply cut off by the sediments of Unit B.

5.1.2 Unit B (47.75–11.00 mtd): fluvial gravel

The sediments of Unit B are interpreted as fluvial-to-
glaciofluvial gravels (Table 1; Gms and Gmf). On the basis
of the geographical and stratigraphic position, they are cor-
related with the local gravel formation “Buechberg Gravel
Complex”, which also covers the surrounding areas and is
interpreted as a Middle Pleistocene advance gravel (Graf,
2009b; Müller, 2013). Further, the relief of the contact sur-
face between Unit A and Unit B indicates a strong fluvial
erosion of the former top sediments of Unit A during the de-
position of the gravels of Unit B (see Sect. 2 “Study area”;
Graf, 2009b; Müller, 2013).

5.1.3 Unit C (11.00–0.00 mtd): glaciogenic diamicts

The sediments of Unit C are interpreted as a subglacial
till and associated glaciogenic diamicts (Table 1; Dmm and
Dcm). This interpretation is supported by the following:
(i) the high density and consolidation; (ii) the diamictic tex-
ture (e.g., Evans et al., 2006; Evans, 2018); (iii) the abun-
dance of fresh traces of direct ice-contact transportation (e.g.,
striated and/or bullet-shaped clasts, e.g., Evans et al., 2006;
Evans, 2018); and (iv) the stratigraphic position. As the drill
site is located within the LGM extent of the former Rhine
Glacier (Fig. 1a), at least the upper part, if not all of Unit C,
was emplaced during the LGM glaciation (Birrfeld glacia-
tion). Alternatively, the lower parts of Unit C may have been
emplaced during earlier glaciations that reached the area,
e.g., during MIS6 (Beringen glaciation, e.g., Müller, 2013;
where MIS represents marine isotope stage). However, a
clear unconformity was not observed in the recovered di-
amicts.

5.2 Implications for glacial history

Assuming that each glacial cycle may have left glacial
deposits behind, the two diamictic deposits (Subunits A1
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and A4) encountered in an overdeepened position may in-
dicate the presence of at least two glacial sedimentary
sequences within Unit A with a sequence boundary be-
tween ∼ 103 and 91 mtd (Subunit A4). This interpretation
is supported by the presence of glaciotectonic deformations
and pressure-related dewatering structures between 128.7–
103.2 mtd (Subunit A3), which may have been caused by
an overriding glacier during a next glacial cycle. The pos-
tulated glacial sequence boundary potentially coincides with
the depth of a prominent erosive discontinuity observed in
the seismic data (solid dark blue line in Fig. 1c; Brandt,
2020). This coincidence supports the interpretation that a
second glacier advance is documented in the upper part of
the Basadingen Through, which apparently eroded more into
the width while not removing the deeper basin fill. Future age
constraints will place these successions in the context of the
marine isotope stages.

Since the whole succession of Unit A was deposited
mostly under glacial to glaciolacustrine conditions, the lack
of a significant amount of clay- and silt-rich glaciolacustrine
background sediments (Fm) has been rather surprising. This
disparity may be explained by either of the following: (i) no
considerable amount of such sediments were deposited since
the accommodation space was quickly filled by the sandy and
gravelly sediments or (ii) they were eroded after deposition
as a former presence is at least indicated by the occurrence
of mud–clast conglomerates (Mcc, rich in clay and silt rip-up
clasts). Likely, both processes may have acted together in the
assumed high-energy and clastic-dominated glaciolacustrine
environment.

In addition to the lack of fine-grained glaciolacustrine
deposits, the absence of the fine-grained interstadial/inter-
glacial lacustrine deposits is likely explained by the fol-
lowing: (i) the possibility that the lake never developed
such a state as it became rapidly filled in late glacial pe-
riods, (ii) by cold and/or short interstadials, or (iii) if de-
posited initially they were eroded during the next glacial ad-
vance. In the case of the proposed lower glacial cycle be-
low 103.2 mtd, the first or second case may apply since the
observed increased appearance of diamictic slumps and sub-
aquatic mass-movement deposits between 128.7–103.2 mtd
may indicate a rapid glacial readvance after a short intersta-
dial. However, in the case of the proposed upper cycle, the
third explanation might act since at least its top was eroded
to a certain degree by the overlying gravels of Unit B. Based
on these observations, the proposed lower cycle may be, even
if not completely preserved, at least more complete than the
proposed upper cycle.

However, the existence of such significant “cold” or
“warm” lacustrine deposits can not be ruled out for the whole
Basadingen Trough since (i) this observation is only based on
information from one drill hole; (ii) the assumed highly vari-
able depositional environment; and (iii) due to possible spa-
tial effects, which may impact the probability of local accu-

mulation of such deposits (e.g., subaquatic channels or sub-
aquatic deltas).

The overlying gravels and tills of Units B and C are
documenting the glaciation history after the filling of the
trough. The gravels of Unit B document the presence of
a glacier upstream of the drill site on at least one occa-
sion before it was covered at least once again during the
LGM advance of the Rhine Glacier. Whether more than one
glacial cycle is preserved in Units B and C, as suggested by
Graf (2009b) and Müller (2013), will be addressed with the
planned geochronological analysis.

6 Summary and outlook

The proposed complex based on seismic data, possibly multi-
phase sedimentary fill of the Basadingen Trough (Fig. 1c;
Anselmetti et al., 2022; Brandt, 2020), is fully supported
by the drilled and recovered succession, even though the
bedrock, predicted at ∼ 240 m, was not reached with the fi-
nal depth of 252 m. It is currently unclear if this is due to an
inaccurate identification of the bedrock reflection or to an in-
accurate velocity model. Analyzing the vertical seismic pro-
file (VSP) will reveal more details on the bedrock’s location.
However, the appearance of cobble-sized freshwater molasse
fragments indicates the nearby occurrence of the bedrock
contact. A first correlation of the drilled succession with the
seismic interpretation indicates the coincidence of the glacial
depositional sequence at∼ 103 mtd or∼ 340 m a.s.l. with the
seismic sequence boundary (Figs. 1c and 4; Brandt, 2020),
indicating that the Rhine Glacier advanced over the upper
part of the Basadingen Trough at that time. This pattern fur-
ther supports the sedimentary succession’s proposed multi-
phase origin in at least two glacial cycles (Anselmetti et al.,
2022). Furthermore, the lacustrine (overdeepened) charac-
ter of the sediments of Subunit A5 indicates a higher fluvial
base level at that time, as was proposed by Graf (2009b) and
Müller (2013).

Upcoming correlations of seismic, wireline, and core data
will help to establish a robust model of the evolution of the
Basadingen Trough. The systematical correlation and char-
acterization of the sedimentological core properties with the
extended geophysical and geochemical dataset will refine the
definition of glacial sequence stratigraphy that can eventually
be dated by the planned geochronological data. This will con-
tribute to the understanding of the local and regional glacia-
tion history, the formation of overdeepenings in the Alpine
foreland, and (within the context of DOVE) glaciation and
landscape evolution of the Alps.

Data availability. The DOVE operational dataset is published un-
der https://doi.org/10.5880/ICDP.5068.001 (DOVE-Phase 1 Sci-
entific Team et al., 2023b) together with the operational report
(DOVE-Phase 1 Scientific Team et al., 2023a) and the explana-
tory remarks (DOVE-Phase 1 Scientific Team et al., 2023c).
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