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Abstract. During the Pleistocene, the Alpine landscape and its surroundings were repeatedly reshaped by
glacial cycles. Subglacial erosion carved out overdeepened basins into bedrock. Their sedimentary fillings are
important archives for understanding the glacial impact on environmental transformation and the history of the
Alpine region. Some of these infills are composed of multiple cycles representing separate glaciations; in typi-
cal cases, each is represented by a succession of lake deposits. While sediments of earlier glaciations are often
eroded by subsequent glaciation cycles, these can be preserved in overdeepened troughs. The International Conti-
nental Scientific Drilling Program (ICDP) project “Drilling Overdeepened Alpine Valleys” (DOVE) investigates
overdeepened structures on a larger scale by recovering sediment cores around the foreland of the European
Alps. As part of the DOVE venture, we present two high-quality drill cores highlighting different basin gener-
ations from within the former Rhine Glacier domain of Upper Swabia in southern Germany. The first drilling
ICDP 5068_6 near the village Gaisbeuren is located in the low-lying central part of the Rhine Glacier area. We
subdivided the 144 m long ICDP 5068_6 core into four sedimentological lithotypes that, in seven stratigraphic
units, build up the basin infill. The deposits reveal a glacially sheared bedrock horizon with overlying diamict
layers, diamictic fines, and massive sands in alternating sequences. The sedimentary deposits show structureless
sections attributed to melt-out, as well as presumed glacio-tectonic deformations. At the hamlet of Lichtenegg,
a 76 m long core was recovered from a drill site on the Hochsten butte, targeting the correspondent small-scale
Lichtenegg basin. Due to the basin’s exceptional, elevated stratigraphic position underlying presumed Early
Pleistocene (glacio-)fluvial gravel, it was included in the DOVE project as a bonus site. Based on petrographic
and lithological features we divided the core contents into six sedimentological lithotypes and five lithostrati-
graphic units. The lowermost parts of the infill, which overlie the Molasse bedrock, consist of (sub-)glacial
diamicts with glaciolacustrine to glaciodeltaic sediments followed by the (glacio-)fluvial gravels, with additional
glacial diamicts on top. Therefore, both investigated cores differ strikingly from the above-mentioned, “typical”
lacustrine-dominated sediment successions in overdeepened basins, which we attribute to a continuously ice-
proximal setting during infilling. This study emphasizes the variability of overdeepening fills depending on the
specific location within the basin and relative to the glacier front.

Published by Copernicus Publications on behalf of the IODP and the ICDP.

suoday aouslog



194

1 Introduction

The research conducted over the past two centuries on Alpine
glaciations has revealed that the Alps and their foreland were
subject to extensive glaciations during numerous Pleistocene
cold stages (Ellwanger et al., 2011; Monegato et al., 2023;
Monegato and Ravazzi, 2018; Preusser et al., 2011). A char-
acteristic landform of former and current glaciated regions is
overdeepenings (ODs), valleys, and basins sometimes carved
several hundred meters deep into existing topography by
subglacial erosion (Cook and Swift, 2012; Preusser et al.,
2011). Thanks to intense efforts in OD research in the Alpine
forelands, combining geophysical exploration and scientific
drilling, the understanding of these basins has significantly
improved in recent years. The formation of ODs has been
linked to the action of pressurized subglacial water that re-
sults in complex trough morphologies (Diirst Stucki and
Schlunegger, 2013; Gegg et al., 2021; Schlunegger et al.,
2024) that have been formed over several consecutive glacia-
tion phases (Bandou et al., 2022, 2023). The earliest phases
of OD formation therefore predate the penultimate glaciation
(Buechi et al., 2024; Firla et al., 2026; Schwenk et al., 2022a;
Tomonaga et al., 2024). Due to their dimensions and strati-
graphic reach, the sediment infills of ODs are an important
archive for environmental reconstruction of Alpine glacia-
tions (Gegg and Preusser, 2023).

Based on this wealth of information, the International
Continental Scientific Drilling Program (ICDP) project
“Drilling Overdeepened Alpine Valleys” (DOVE; http://
www.dove-icdp.eu, last access: 13 August 2026) investigates
these archives in a two-phase pan-Alpine approach (phase I:
northern Alps; phase II: southern Alps) by conducting new
drillings and integrating legacy cores, as well as existing data
(Anselmetti et al., 2022). Previous (e.g., Buechi et al., 2018,
2024; Dehnert et al., 2012; Pomper et al., 2017; Schwenk et
al., 2022a, b) and new investigations (Firla et al., 2024, 2026;
Schaller et al., 2023, 2025; Schmalfuss et al., 2026; Schus-
ter et al., 2024) show that the sedimentary fillings of ODs in
the northern Alpine foreland frequently consist of thin basal
diamicts of glacial origin (Buechi et al., 2017), overlain by
thick lacustrine to distal-deltaic successions and, finally, flu-
vial deposits. We consider this lacustrine-dominated facies to
be the “typical” case of OD fills (without further distinguish-
ing, for example, fine-grained or sand-dominated composi-
tion; see examples below). However, most of the previous
drillings in ODs were conducted in (ice-)distal positions, of-
ten with little direct impact from the retreating glacier, and it
has to be questioned whether their examined infills are rep-
resentative of ODs in general. This notion is based on ob-
servations from modern Alpine lakes, where more complex
OD settings occur, containing additional large-scale deposi-
tional features and landforms. Examples are well-developed
channel-dissected deltas observed in Lake Brienz (Fabbri et
al., 2021), as well as the subaqueous moraine complexes of
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Lake Lucerne (Hilbe et al., 2011) and Lake Thun (Fabbri et
al., 2018).

This study focuses on southwestern Germany, i.e., the area
north of Lake Constance in Upper Swabia, which is referred
to as Lake Constance Amphitheatre and has been shaped by
multiple advances of the Rhine Glacier (Fig. 1; Ellwanger et
al., 2011). Its piedmont lobe covered this area several times
(Ellwanger et al., 2011; Fiebig et al., 2011), leaving behind
several generations of vast ODs, including the present lake
basin at its center, as well as today’s hilly ice decay landscape
with prominent moraine ridges and only sporadic outcrops of
the Neogene Molasse bedrock (Jong et al., 2025; Kamleitner
etal., 2023; LGRB, 2015). The former (i.e., preglacial) ramp-
like Alpine foothill area was therefore strongly re-shaped by
ice and meltwater (Cohen et al., 2023) during the Pleistocene
with, locally, up to ~ 1 km in vertical incision (Ellwanger et
al., 2011).

Two major overdeepened basins in the Lake Constance
Amphitheatre were recently surveyed within the scope of
the ICDP DOVE project (Fig. 1). The Tannwald Basin sit-
uated to the north of Lake Constance was investigated based
on three drillings at ICDP site 5068_1 (TANN; Schaller et
al., 2025; Schuster et al., 2024) plus an extensive reflection-
(Burschil et al., 2018) and cross-hole seismic campaign (Be-
raus et al.,, 2024, 2025). The Basadingen Trough to the
west of Lake Constance was examined by the ICDP drilling
5068_2 (BASA; Schaller et al., 2023, 2025) on Swiss ter-
ritory. Both OD basins show generally typical but still dif-
ferent sediment successions. TANN displays a basin fill that
consists mostly of fine-grained lacustrine deposits (Schuster
et al., 2024), whereas BASA shows an overall more coarse-
grained, sand-dominated basin infill (Schaller et al., 2023).
Because both sites are located in distal positions within the
Rhine Glacier area, the question arises as to whether their
successions capture the full variability and complexity of OD
infill types in the region. In the following, we introduce two
new sites from more central, i.e., proximal, positions within
the amphitheater. They were each investigated based on cores
from scientific drillings reaching > 10 m into the bedrock, in
order to guarantee recovery of the entire Quaternary basin
infills. While both sites were originally targeted in order
to close stratigraphic gaps, they revealed, first of all, unex-
pected, diamict-dominated sediment fills that are in contrast
to the above-mentioned, “typical” lacustrine deposits. Here,
we present these “atypical” lithostratigraphic successions of
sediments in the GAIS and LICH drill cores, which are com-
plemented by selected borehole and core geophysical data
and standard sedimentological analyses, in order to improve
our understanding of sediment variability in these basins.
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Figure 1. (a) Overview of the Quaternary overdeepened structures (green basins; OD denotes overdeepened depth below fluvial base level)
below the former Rhine Glacier lobe in the Lake Constance Area in Upper Swabia (modified from Gegg et al., 2025a, and Swisstopo
2025, 2025). Elevation data (TanDEM-X 30 m) are provided by the German Aerospace Centre (DLR). (b) Cross-section through drill sites

LICH-GAIS-TANN.

2 Study areas

2.1 Gaisbeuren (5068_6)

The first site (5068_6, GAIS) is located near Gaisbeuren, ap-
proximately 12 km to the south of TANN (Fig. 1). Investigat-
ing the TANN profile, Schuster et al. (2024) inferred the Mid-
dle Pleistocene evolution of the Tannwald Basin, a more than
200 m deep branch basin of the Rhine Glacier north of Lake
Constance, as a prototype for this entire area: (i) erosion of
Molasse bedrock at the bottom of the OD, more than 150 m
below surface, by an advancing glacier, resulting in a glacial
shear zone characterized by subglacial diamicts and bedrock
fragments; (ii) sedimentation of fines in a proglacial lake
with intermittent small-scale mass movements from basin
slopes; (iii) progradation of more coarse-grained, sandy delta
formations during continued glacial retreat; (iv) formation of
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a second inlaid basin by a successive glacial advance fol-
lowed by deposition of laminated fines with diamictic in-
terbeds; (v) continued glacial retreat and deposition of deltaic
sand; and (vi) at the top, a last glacial advance with (glacio-
)fluvial proglacial outwash consisting of gravels with in-
terbedded diamicts in a now non-overdeepened setting. The
authors stress that, although the investigated sediment se-
quences in the Tannwald Basin show three separate glacial
advances, they do not all necessarily represent an indepen-
dent glaciation but could represent shorter-term glacial fluc-
tuations (Schuster et al., 2024). While the GAIS site appears
to be situated in a more proximal part of the Tannwald Basin,
drilling was initialized there to fill an Early to Middle Pleis-
tocene stratigraphic gap based on the assumption that an
older “Gaisbeuren Basin” may be located in this area, un-
derlying the southern part of the Tannwald Basin (LGRB,
2015).

Sci. Dril., 35, 193—-209, 2026
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2.2 Lichtenegg

The second site near Lichtenegg (LICH) lies on a ridge of
Hochsten, a butte of pre-Quaternary bedrock forming the
topographically highest point of the Lake Constance Am-
phitheatre at about 840 m a.s.1. From a few outcrops along the
narrow Deggenhauser Valley (Fig. 1), glacial basin deposits
are known to be buried beneath (presumably Early Pleis-
tocene) glaciofluvial “Deckenschotter” (Fig. 1; Ellwanger et
al., 2011; Penck and Briickner, 1909). Due to this exceptional
stratigraphic position, these deposits are interpreted as po-
tentially being the oldest preserved Pleistocene sediments in
the amphitheater, and the LICH site is considered to be a
bonus site of the ICDP DOVE project. It is one of only two
known locations in the entire Rhine Glacier area where Deck-
enschotter units are enclosed between glacial sediments (Ell-
wanger et al., 2011; LGRB, 2015). The diamicts underlying
the Deckenschotter accumulated into what is interpreted as
the Lichtenegg Basin, a small OD basin formed by the Rhine
Glacier during an Early Pleistocene stage (Bibus and Kosel,
2003; Rolf et al., 2012). Menzies and Ellwanger (2011) iden-
tified ample micromorphological evidence of subglacial soft-
sediment deformation. This was recently supported by data
from a second outcrop that suggest deposition of the upper
part of the diamicts in an ice-advance context (Bamford et
al., 2025).

3 Methods

3.1 Drillings
3.1.1 Gaisbeuren

The Gaisbeuren drilling (GAIS) was initialized by the Ge-
ological State Survey of Baden-Wiirttemberg (LGRB), un-
dertaken by BauGrund Siid GmbH, and incorporated into
ICDP DOVE as core 5068_6_A. It was conducted in autumn
2016 some 3 km south of Bad Waldsee (location: 47.8880° N,
9.7113°E; ~607ma.s.l.; Fig. 1) and reached, after cutting
through approx. 11 m of bedrock, a final depth of 144 m. To a
depth of 62 m, percussion drilling was used, replaced further
downward by a wireline coring system. The core material
was collected in light- and air-proof liners with a diameter
of about 100 mm and a length of 1 m. Approximately 14 %
of the drill core was not recordable or got lost, mainly due
to jammed cobbles or loss of circulation during the drilling,
and sediment in underfilled liners may have sustained defor-
mation during core handling. Water tables were encountered
at fluctuating depths of about 8-23 m. Due to instability, the
drill hole had to be telescoped several times with outer casing
diameters from 419 to 146 mm.

3.1.2 Lichtenegg

The Lichtenegg (LICH) drilling, also initialized by LGRB
and drilled by BauGrund Siid GmbH, is located on the north-
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western side of the Hochsten butte (47.8345° N, 9.3764°E;
~797ma.s.l.; Fig. 1). In the preparation of the main well,
a 79m deep pilot hole was established in late 2015 with a
down-the-hole drill to prospect the ground conditions. The
main drilling (LICH) was conducted at a distance of about
10 m afterward, reaching the bedrock at approx. 63.7 m and
terminating with a final depth of 76 m. The first 10m of
drilling was performed with percussion core drilling and,
after encountering technical difficulties, the interval of 10—
32m was drilled destructively. At 32m the approach was
switched to wireline core drilling. Therefore, cuttings are
only are available between 10 and 32 m; otherwise, the sed-
iment was collected in liners with a core diameter of about
100 mm and a length of 1 m. Liners with partial core loss
were already filled up with swelling clay at the drill site. No
water tables were logged in the main well, but the pilot hole
showed water at a depth of about 74 m that rose to 57 m the
next day.

3.2 Geophysics

After the drillings were completed, the LIAG Institute for
Applied Geophysics conducted in situ borehole geophysical
measurements on both drill sites (Rolf and Wonik, 2021).
We focus here on magnetic susceptibility and combined
gamma logs; additional parameters are provided in the Sup-
plement. At LICH, well loggings were done only on the
pilot hole which had no casing. Therefore, the signal was
only damped by the drill pipes (diameter: 178 mm outside,
160 mm inside), and the data are comparable over the whole
section (Rolf and Wonik, 2021). At GAIS the drill pipes
reached a depth of 120 m during the measurements and had
an additional three outer casings (0-18.5, 18.5-36.5, and
36.5-62m). The location of the pipe shoes is illustrated in
Fig. 3 with blue triangles. In addition, magnetic susceptibil-
ity (partly with a Magnon logger at LIAG in Grubenhagen,
partly with a GeoTek scanner at the German Federal Geolog-
ical Survey BGR in Berlin) and natural remanent magnetiza-
tion (with a cryogen magnetometer; Rolf, 2000, at LIAG in
Grubenhagen) were measured on the cores in closed liners.
Core sections with >2/3 core loss are indicated as gaps in
the litho-log in Figs. 3 and 4 due to the unclear position and
state of bulk core material (see below). Regardless, some of
those sections show geophysical data, as all available cores,
including underfilled ones, were scanned.

3.3 Core handling, description, and analysis
3.3.1 Core related workflow

The approach of this study is based on a variety of ex-
periences from recent studies into drill core records from
overdeepened basins (e.g., Buechi et al., 2018, 2024; Gegg et
al., 2025b; Dehnert et al., 2012; Schaller et al., 2023; Schus-
ter et al., 2024; Schwenk et al., 2022a, b). The LICH cores
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were cut open directly after drilling and geophysical mea-
surements, and one core half got sealed into plastic sheets
for preservation, while GAIS cores remained unopened in the
repository of LGRB until spring 2024. Then, in the prepara-
tion for cutting, underfilled core sections were filled up with
swelling clay. The cores were then cut lengthwise into an
archive, half of which was preserved and sealed. A work-
ing half was then used for further investigations and sam-
pling. Both halves were wrapped in several layers of protec-
tive plastic film. As the LICH cores had been already opened
in 2016, the unpreserved (working) half had dried out over
the years, and, therefore, some sampling and analysis had to
be performed on the sealed (archive) half as well. In the sed-
imentological documentation, we regard core sections filled
with sediment to < 1/3 as gaps in recovery, because material
in the underfilled liners is very prone to deformation, shifting
and mixing, and therefore deemed unreliable.

3.3.2 Core analysis

After photographic documentation (LICH with a D-SLR
camera, GAIS with a smartphone following Gegg and Gegg,
2023) each core meter was described sedimentologically. We
examined prevalent grain sizes, type, thickness and contacts
of layers, colors, secondary sediment structures, and core
quality. Because large parts of our cores consist of diamictic
sediments, we quantified their clast contents by visual com-
parison with a mafic color index chart as used in igneous
petrology (Shvetsov, 1954). Based on this, we distinguish be-
tween diamictic fines (< 10 % clasts), matrix-rich diamicts
(10 %-30 % clasts), and clast-rich diamicts (> 30 % clasts).
In addition, we realized organic and carbonate content mea-
surements with the loss-on-ignition (LOI) method after Heiri
et al. (2001), executed according to the guidelines set by the
International Organization for Standardization (2017) in ISO
14 142 688-2. Therefore, a small amount of sediment was
heated to 550 °C in a furnace, resulting in the combustion of
organic carbon Cog, whose content was determined from the
sample’s resultant mass loss LOIS50 by multiplying with a
factor of 0.5 (Veres, 2002). As a subsequent step the samples
were heated to a temperature of 950 °C, resulting in the cal-
cination of carbonates and the release of CO,. Granted that
all carbonates appear to be CaCOs3, the content of carbonates
can be assessed from the mass loss (LOI950) by multiply-
ing it with the ratio of the molar weights of CaCO3 and CO;
(=2.27).

3.3.3 Lithotypes

The basis of our sedimentological analysis is the definition
of recurring lithotypes (Fig. 2; Schaller et al., 2023; Schuster
et al., 2024). In the ICDP 5068_6_A core (Fig. 3) we iden-
tified four sedimentological lithotypes on the basis of sed-
imentological descriptions and geophysical properties. The
Lichtenegg drill core (Fig. 4) was divided into six lithotypes.
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The lithotypes are described in Fig. 2 combined with a rep-
resentative core photo. A detailed description of both cores
is added as a supplement to the paper. A commonality of all
lithotypes is the low organic carbon content of ~ 1.5 %, while
CaCOj3 contents are between 30 % and 50 %.

4 Results

4.1 Lithostratigraphic units
411 Gaisbeuren

The ICDP 5068_6_A core was divided into seven lithostrati-
graphic units, A—G (Fig. 3). The lowermost unit A contains
11m of bedrock (133.0-144.0m) that consists of strongly
consolidated marl, silt and sandstone with variable, mottled
coloration identified as Neogene Upper Freshwater Molasse
(Buechi et al., 2024; Platt and Keller, 1992). The Quaternary
base can be identified at 133.05m depth by a sharp, sub-
horizontal contact between the Molasse and superposed di-
amictic deposits (Fig. 5a). Unit B shows moderately sorted
diamictic fines (124.0-133.0 m) with a silty to sandy matrix
where the CaCOs3 content is up to 45 %, which transitions
into matrix-rich diamicts (117.0-124.0 m). The diamicts in
this unit are strongly consolidated and distinctly deformed,
including, in some sections, shear bands (Fig. Sb; Schwenk et
al., 2022a). They also frequently contain faceted “flat-iron”
clasts (Fig. 5c; Evans, 2018; Gomez et al., 2026; Menzies
and Shilts, 2002). Unit C consists of massive, well-sorted,
medium to coarse sands (106.0-117.0m) containing some
isolated outsized gravel clasts. The massive sands are inter-
rupted by a matrix-rich diamict layer (109.0-110.0 m). Unit
D is a large-scale fining-upward succession. It begins at the
bottom with a matrix-supported diamict succession and with
a silty to slightly sandy matrix with occasional occurrences
of cobbles (80.4-106.0 m; see Fig. 5c¢). On top lies a vari-
ation from poorly to moderately sorted diamictic fines with
increased carbonate content (65.0-80.4 m). Unit E displays a
second package of consolidated matrix-rich diamicts (51.0—
65.0 m) with deformation structures (Fig. 5d), some flat-iron
clasts, and shear zones. In unit F massive diamictic fines
(47.6-51.0m) are overlain by a package of poorly sorted,
matrix-supported, yellowish diamict (36.0-47.6 m). The yel-
lowish diamict is matrix-rich with a silty to sandy matrix
and is slightly gravelly and occasionally contains cobbles.
In contrast, units B-E are of uniform beige-gray color. Unit
F shows, at a depth of about 40 m, water escape structures
across several meters in the shape of clastic dikes (Fig. 5e).
Unit G is characterized by a notably higher clast content
(Fig. 3), with frequent flat-iron shapes. It contains, at the
bottom, a very poorly sorted, matrix-supported gray-yellow
diamict (29.5-34.6m), while the overlying poorly sorted,
gray-yellow diamict has a silty to slightly sandy matrix.
This predominantly matrix supported diamict (1.0-29.5m)
with gray-yellow to brown-gray colors shows, beginning at
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Molasse bedrock [Bm]

Description:
Marl-, silt-, sandstone
strongly consolidated

Interpretation:
Upper Freshwater Molasse; deposits from a fluvial environment
(LGRB 2015, Bachmann et al., 1987, Doppler et al., 2006)

Diamict, massive [Dm]

Description:

Poorly sorted diamict, mostly matrix-supported, slightly to
very sandy silt matrix, frequently fine to coarse gravels

Interpretation:
Subglacial till (Benn and Evans 1996; Evans et al., 2006;
Buechi et al., 2017)

Fines, diamictic [Fd]

Description:

Moderately sorted, matrix-supported, silty to sandy matrix,
frequently fine to medium gravels

Interpretation:
Suspension settling in a pro- or subglacial lake
with ice rafting (Bennett et al., 1996; Schuster et al., 2024)

Fines, massive [Fm] only LICH

Description:
Silt and clay, fine sandy, sparsely gravel, well sorted,
no structure to indistinctly laminated

Interpretation:
Suspension settling in a steady aquatic environment
(Eyles et al., 1993; Schuster et al., 2024)

Sands, massive [Sm] only GAIS

Description:
Sand medium to coarse, slightly silty, well sorted,
frequently fine gravels

Interpretation:
Flow deposits during glacier-bed decoupling
(Ravier et al., 2014; Lesemann et al., 2010)

Gravels [Gms] only LICH

Description:
Gravel medium to coarse, sandy, slightly silty,
conglomerated parts; predominantly cuttings

Interpretation:
Fluvial to glaciofluvial deposits
(Eyles et al., 1983; Schwenk et al., 2022a)

Erratic block [Eb] only LICH

Description:
Calcareous sandstone
~ 3m diameter

Interpretation:
Glacially transported and laid down during ice decay,
likely redeposited (Dyke & Morris, 1988; Knight, 2026)
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7.0.57/m’,

46.58m

Figure 2. Lithotypes from both drill sites with description, general interpretation, and representative core photos (top is to the left). Note
that some samples had been taken from the massive fines prior to photographing, and the resulting gaps are visible.

around 8 m depth, a fining-upward trend toward the topsoil
(0.0-1.0m).

4.1.2 Lichtenegg

The core LICH comprises five lithostratigraphic units
(Fig. 4). The lowermost unit A contains 12m of strongly
consolidated marl, silt, and sand bedrock (63.7-75.6 m). The
Quaternary base is located at 63.7m depth with a sharp
but irregular contact between the Molasse and the overly-
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ing diamictic fines (Fig. 5f). Unit B shows a fining-upward
sequence of clast-rich diamicts, diamictic fines, and mas-
sive fines (44.4—63.7 m) overlying the Molasse bedrock, with
shear zones, oriented clasts, and a decreasing number of
gravel clasts. It is interrupted by a calcareous sandstone boul-
der with a diameter of ~3 m. Following a diamict layer
at 45.7-46.3m, unit B terminates with a slightly fining-
upward, poorly sorted but rather well-rounded gravel layer
from 44.4 to 45.7m. In contrast to other clast-rich inter-
vals in LICH, flat-iron clasts are absent in this layer. It is
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Figure 3. GAIS/5068_6_A composite plot: lithofacies log, CC (denoting clast content), lithostratigraphic units (separated by red lines),
magnetic susceptibility (*logarithmic scale), combined gamma ray log from borehole, organic carbon content, and CaCOj3 content from
loss-on-ignition analysis.
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noteworthy that both organic carbon and CaCO3 content
increase consistently throughout unit B, from ~0.5% to
~ 1.2 % and from ~ 35 % to ~ 50 %, respectively. Unit Cis a
coarsening-upward sequence of diamictic fines and diamicts
(37.7-44.4 m; Fig. 5g). Following a core-loss section, unit D
consists of clast-supported, poorly sorted sandy gravels with
conglomerated layers (10.0-36.0 m), of which only cuttings
were available from 10 to 32 m. Unit E displays matrix sup-
ported and poorly sorted gray-brown diamicts (0.4—10.0 m)
ending with a thin topsoil horizon (0.0-0.4 m). The interval
from 5.0 to 5.4 m shows clasts with subhorizontal alignment
and horizontal fractures (Fig. Sh).

4.2 Geophysics

Unit A from LICH shows, between 65 and 70 m depth, a
distinct increase in magnetic susceptibility and combined
gamma ray (up to > 100 GAPI) logs that both decrease again
in the diamicts of unit B (see Fig. 4). The gamma log shows
a slight increase over unit B from bottom to top and then de-
creases from unit C to D up to approx. 13 m depth. Between
5 and 13 m, the gamma signal is notably elevated at 50-60
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GAPL In unit E, magnetic susceptibility increases upward.
Like in unit D, it has a significantly higher peak density than
in unit B and C. GAIS core shows high magnetic suscepti-
bility peak densities in units B, F, and G. The sandy Unit
C in GAIS shows a clear drop of the combined gamma ray
signal due to low clay content. Additional geophysical pa-
rameters are plotted in the appendix (Figs. Al and A2 in the
Appendix), and the original data are provided by Zeeden et
al. (20264, b).

5 Discussion

5.1 Genetic interpretation of the sediment successions

The classification of lithostratigraphic units in GAIS and
LICH is mainly based on lithotypes with their particular sed-
iment structures in correlation with geophysical characteris-
tics, organic carbon, and carbonate content.

https://doi.org/10.5194/sd-35-193-2026
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Figure 5. (a—e) Core sections from GAIS; (a) 133 m: sharp contact of basal till and Molasse bedrock (arrows); (b) 128 m: deformed diamict
with shear band; (¢) 81 m: flat-iron clasts (arrows; Evans, 2018; Menzies and Shilts, 2002) in diamict matrix; (d) 60 m: deformation structures
in compact traction till; (e) 41 m: clastic dike (van der Meer et al., 2009; Ravier, 2024). (f=h) Core sections from LICH; (f) 63 m: sharp but
irregular contact of basal till and Molasse bedrock (arrows); (g) 42 m: flat-iron clasts (arrows) in diamict matrix; (h) 5 m: horizontal alignment
of clasts (red dashed) in sandy-silty matrix, likely by subglacial shearing. Dashed white: fracture.

5.1.1 Gaisbeuren

Unit A consists of Neogene Upper Freshwater Molasse
bedrock, which had accumulated from Miocene Alpine rivers
in an alluvial-plain setting (Bachmann et al., 1987; Doppler
et al., 2006; LGRB, 2015). The overlying unit B is inter-
preted as subglacial traction till (Benn and Evans, 1996;
Evans et al., 2006; Buechi et al., 2017) deposited at the sole
of active, warm-based ice, with soft-sediment deformation
structures (Fig. 5b) as evidence of glaciotectonic shearing.
The genetic interpretation of the unstratified sands in unit
C is less straightforward. They could be interpreted as ice-
contact fan or deltaic deposits (Kessler et al., 2012; Schaller
et al., 2023; Schwenk et al., 2022a), which would imply
glacier retreat. In light of the overlying strata, however, we
interpret the massive sands as subglacial channel fills from
hyper-concentrated meltwater flows activated by glacial de-
coupling and lift-off (Lesemann et al., 2010; Ravier et al.,
2014). We would expect such deposits to be somewhat strat-
ified, but a drilling-related liquefaction of non-cohesive sand
and, therefore, a disturbance of primary sediment structures
is not unlikely (Gegg et al., 2025b). The thickest (41 m) unit,
unit D, consists of a quite homogeneous fining-upward di-
amict succession, suggesting a relatively stable environment,
which is supported by the very few changes in organic car-
bon and carbonate content and geophysical proxies. While it
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contains flat-iron clasts (Fig. 5c; Evans, 2018; Gomez et al.,
2026; Menzies and Shilts, 2002) as indicators of ice prox-
imity, there are no deformation structures, and we therefore
interpret it as a melt-out till. It was likely deposited in a
sub- to proglacial-lake setting (Bennett et al., 1996; Gegg et
al., 2025b), and its fining-upward character indicates slightly
decreasing glacial impact. Clear evidence of gravitational
reworking, such as graded intervals, is missing. Unit E is
specified as a second subglacial traction till due to its ma-
trix showing, in some sections, persistent deformation struc-
tures (Fig. 5d), while other sections are entirely homoge-
nized (Buechi et al., 2024; Evans et al., 2006; Schwenk et
al., 2022a). The change from unit D to E is also underpinned
by a distinct rise in magnetic susceptibility that points to-
ward renewed coarse-grained sediment input into the basin,
while the decline in the combined gamma ray signal is re-
lated to a change in pipe casing (blue triangles in Fig. 3). In
addition, several smaller-scale gaps in recovery occur at the
boundaries of and within unit E. This might relate to abrupt
sediment mechanical changes, for example, in the state of
consolidation or the cohesion of the sediment, which is to
be expected in ice-contact deposits (and occurs also in other
cores, e.g., in FA2 in Schwenk et al., 2022a; in unit A4 in
Schaller et al., 2023; or in units 1-2 in Schuster et al., 2024).
The overlying unit F is interpreted as a second melt-out till
due to its mostly structureless sand-rich matrix (Evans et al.,
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2006). The clast-rich diamicts in unit G are assumed to be
subglacial till in a now non-overdeepened setting. There, wa-
ter can drain and transport fines away, resulting in the highest
clast contents, high peak densities in magnetic susceptibility,
and the lowest combined gamma ray signals of the core. Ac-
cordingly, the occurrence of clastic dikes (Fig. 5e) below in-
dicates high water pressure gradients beneath the base of an
overriding glacier (van der Meer et al., 2009; Ravier, 2024).
Unit G appears, in general, to be a directionless structure
but shows, in smaller sections, aligned clasts and deforma-
tion structures recurring over the unit (e.g., at 3 or 12-13 m
depth). The section between 21 and 26 m is marked by core
losses which could indicate another ice contact or simply a
clast-richer zone in unit C.

5.1.2 Lichtenegg

Unit A consists of Upper Freshwater Molasse (Doppler et
al., 2006) bedrock, below the overdeepened Quaternary base.
Unit B starts, at its bottom, with sheared and dense fine-
grained basal traction tills (Evans et al., 2006; e.g., Fig. 5f)
containing Molasse fragments and continues with structure-
less diamicts, likely melt-out tills, that transition into diamic-
tic and, finally, well-sorted fines (Dehnert et al., 2012; Schus-
ter et al., 2024; see also Eyles et al., 1993). This succes-
sion corresponds to an initially active and erosive glacier that
slowly decays and eventually vanishes from the basin. The
pierced boulder at ~ 48 m depth is of Alpine provenance and
has clearly been transported toward the drill site by a glacier
(Dyke and Morris, 1988; Knight, 2026; Veness et al., 2025).
However, its position in the upper section of Unit B, on top of
well-sorted fines, speaks against a primary deposition from
melting ice. We suggest that it was redeposited here, for ex-
ample, by a mass movement from a nearby moraine (Knight,
2026). The top of Unit B consists of a moderately well-sorted
gravel layer with rounded clasts, indicating fluvial transport
and, therefore, a deltaic or non-overdeepened setting (Dehn-
ert et al., 2012; Gegg et al., 2025b; Schwenk et al., 2022a).
Unit B shows a clear, constant increase in carbonate content,
indicating a decreasing contribution from reworked Molasse
bedrock and more far-transported material from the calcare-
ous Alps. Organic carbon content increases in parallel, which
may be due to decreasing sedimentation rates and, there-
fore, reduced dilution of organic material imported into the
basin or, possibly, a slight warming trend. Altogether, these
developments indicate an initial ice-retreat phase. Unit C,
in contrast, marks a second phase of active glacial deposi-
tion and, therefore, an ice-advance scenario. This is repre-
sented by diamict layers containing distinct flat-iron clasts
and aligned clasts (Fig. 5g), concomitant with a consider-
able drop in organic carbon. Unit D, with more than 25 m of
partly cemented gravels was, deposited by meltwater streams
(Dehnert et al., 2012; Schwenk et al., 2022a; see also Eyles et
al., 1983). Because these gravels are, for the most part, only
available as cuttings, we cannot draw more detailed conclu-
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sions regarding the depositional setting or further subdivi-
sions. The uppermost unit E consists of till deposits with,
in some intervals, a pronounced sub-horizontal clast fabric
and sub-horizontal fractures (Fig. 5h), fitting to subglacial
traction and lodgement (Evans, 2018; Hooyer and Iverson,
2000).

5.2 Implications for the depositional setting

Gegg and Preusser (2023) summarized OD structures from
drillings in the northern Alpine foreland and appointed typi-
cal OD fillings with diamicts and overlaying lacustrine sedi-
ments. These fining-upward successions reflect the transition
from deposition in a subglacial to an ice-marginal and lastly
ice-distal setting in a lake that develops in the overdeepened
basin as soon as the ice begins to retreat. The two nearest
ICDP DOVE cores, TANN (5068_1) and BASA (5068_2,
Fig. 1), show the same patterns with diamictic, deltaic, and
lacustrine successions (Schaller et al., 2023; Schuster et al.,
2024) as previously investigated cores from nearby northern
Switzerland (Buechi et al., 2018, 2024; Dehnert et al., 2012;
Schlunegger et al., 2024; Schwenk et al., 2022a) and be-
yond (e.g., eastern Alpine foreland: Firla et al., 2024, 2026;
Pomper et al., 2017). In contrast, the GAIS and LICH cores
are clearly distinct as they show diamict-dominated succes-
sions. They frequently contain indicators of glacial origin
such as flat-iron clasts (Evans, 2018, Fig. 5c and g), which
leads to the general interpretation that the entirety of the di-
amict successions were deposited in a glacier-proximal po-
sition (Fig. 6). Considering the thickness of the successions,
especially in GAIS, this indicates that the respective glacier
front remained, with minor fluctuations only, in the vicin-
ity of the drill site for a prolonged period of time or that
the thick fillings resulted from exceptionally high deposi-
tion rates from a large sediment supply. Unfortunately, no
seismic data are available from either site, and so we do not
know the geometries of the diamictic deposits. However, we
consider it to be possible that they are analogs of subaquatic
moraines or moraine complexes that have been identified, for
example, in Scotland (Bradwell and Stoker, 2023) and Ire-
land (Evans et al., 2012) but also in modern Alpine lakes in
Switzerland such as Lake Thun (Fabbri et al., 2018) and Lake
Lucerne (Hilbe et al., 2011). However, the GAIS and LICH
cores show not only melt-out tills expected in subaquatic
morainal successions but also distinct intervals of pervasive
(sub-)glacial deformation. Those indicators of ice contact at-
test to periods of glacier advance and grounding and demon-
strate that the investigated sequences are more complex than
some known, more simple subaquatic moraines.

Bamford et al. (2025) document an outcrop of diamictic
deposits at Lichtenegg (~800m from the LICH drill site)
that they interpret as the infill of a smaller OD basin, which
got eroded during the Early Pleistocene (see also Bibus and
Kosel, 2003; Ellwanger et al., 2011; Rolf and Wonik, 2021).
The sheared and overridden diamicts from the lower part of
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Figure 6. Schematic sketch of an overdeepening during ice retreat and infilling. Depending on the specific position, the sediment profile
will either consist largely of lacustrine deposits (“typical” successions, shown on the right) or of diamictic-dominated deposits in the case of

infilling in ice proximity (shown on the left).

the Lichtenegg outcrop were interpreted as secondary, i.e.,
slightly reworked glacial deposits, while the more massive
and compact upper diamicts showed a primal glacial charac-
ter. This corresponds to our interpretation regarding the tran-
sition from unit B to C in the LICH core, i.e., an ice-advance
scenario. The gravels from LICH unit D therefore represent
the Mindel-Deckenschotter; these represent the outcropping
diamicts and were mapped extensively in this area (Bamford
et al., 2025; LGRB, 2025). These are the youngest of a series
of (glacio-)fluvial gravel units that are attributed to the Early
Pleistocene (Ellwanger et al., 2011). The Deckenschotter is
overlain by diamicts at the Hochsten, as well as in the LICH
core, and those tills are classified as deposits from later cold
phases up to penultimate glaciation (LGRB, 2015).

The subglacial traction tills in units B and E from GAIS
show a noticeable similarity with diamict layers from the
TANN site ~ 12km to the north (Schuster et al., 2024).
The succession at TANN is that of a “typical” overdeepen-
ing fill dominated by lacustrine sediments (see Sect. 2.1),
which are underlain and interrupted by diamicts, which the
authors interpreted as two separate ice advances. These di-
amicts occur in very similar stratigraphic positions and ab-
solute elevations as the traction tills in GAIS (e.g., GAIS
unit B at ~550 ma.s.l. and the till within unit B of TANN
at ~530ma.s.l.), and their potential correlation should be
investigated in more detail.

6 Conclusions

ICDP DOVE and previous studies have investigated many
ODs in the northern Alpine foreland. The typical sediment
succession consists of glacial diamicts directly overlying
the bedrock followed up by often monotonous, fine-grained
basin fills. This is the sedimentary signature of glacial retreat;
subglacial incision terminates and sediments are deposited
first in an ice contact, then in a glaciolacustrine, and lastly in
a pure lacustrine setting. Here, we introduced two new drill
cores from ODs in the Lake Constance Amphitheatre, which
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are strikingly different because they show OD fills that be-
gin with diamicts but continue all the way to the top of the
basin fill with diamictic fines and diamict successions, only
occasionally intercalated by massive fines and sands with no
clear signs of stratification. We explain this by the position
of the cores: while most previous drillings into OD infills
were conducted at very distal sites that were probably only
briefly reached by the respective glaciers, the investigated de-
posits are situated in a more proximal position. Here, glacier
presence and deposition directly from ice seem to have been
more prolonged, and the diamict successions might be ana-
logues of subaquatic moraine successions, as identified in
some Alpine lakes. In contrast to the rather simple structure
of these subaquatic morainal deposits, the ice-contact sed-
iments characterized here show periods of glacial advance
and suggest a more complex depositional history. These find-
ings further indicate that the typical OD sediment succes-
sions as described above are not necessarily representative of
all OD fills but rather are representative of basin sections that
were quickly abandoned through fast retreat of the respective
glacier. This appears to apply primarily to their distal-most
parts. Notably, in the case of the “atypical” GAIS profile, the
TANN site some kilometers to the north could be the “typi-
cal”, distal equivalent of the same basin fill, but their corre-
lation is, for the moment, hypothetical only and still needs to
be investigated in future studies.
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Appendix A: Borehole — geophysical measurements
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Figure A1. ICDP 5058_6 GAIS — composite plot: contents of potassium (K), uranium (U), and thorium (Th); RDeep/RShall: specific

electrical resistance in two arrangements; vp: seismic P-wave velocities; Kall/Kal2: borehole diameter (caliper log). The original data are
provided by Zeeden et al. (2026a).
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Figure A2. LICH - composite plot: contents of potassium (K), uranium (U), and thorium (Th); RDeep/RShall: specific electrical resistance
in two arrangements; vp: seismic P-wave velocities; Kall/Kal2: borehole diameter. The original data are provided by Zeeden et al. (2026b).
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