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Abstract. The sedimentary infill of glacially overdeepened valleys (i.e., structures eroded below the fluvial base
level) is an excellent but yet underexplored archive with regard to the age, extent, and nature of past glaciations.
The ICDP project DOVE (Drilling Overdeepened Alpine Valleys) Phase 1 investigates a series of drill cores from
glacially overdeepened troughs at several locations along the northern front of the Alps. All sites will be investi-
gated with regard to several aspects of environmental dynamics during the Quaternary, with focus on the glacia-
tion, vegetation, and landscape history. Geophysical methods (e.g., seismic surveys), for example, will explore
the geometry of overdeepened structures to better understand the process of overdeepening. Sedimentological
analyses combined with downhole logging, analysis of biological remains, and state-of-the-art geochronologi-
cal methods, will enable us to reconstruct the erosion and sedimentation history of the overdeepened troughs.
This approach is expected to yield significant novel data quantifying the extent and timing of Middle and Late
Pleistocene glaciations of the Alps. In a first phase, two sites were drilled in late 2021 into filled overdeepenings
below the paleolobe of the Rhine Glacier, and both recovered a trough filling composed of multiphase glacial
sequences. Fully cored Hole 5068_1_C reached a depth of 165 m and recovered 10 m molasse bedrock at the
base. This hole will be used together with two flush holes (5068_1_A, 5068_1_B) for further geophysical cross-
well experiments. Site 5068_2 reached a depth of 255 m and bottomed out near the soft rock–bedrock contact.
These two sites are complemented by three legacy drill sites that previously recovered filled overdeepenings be-
low the more eastern Alpine Isar-Loisach, Salzach, and Traun paleoglacier lobes (5068_3, 5068_4, 5068_5). All
analysis and interpretations of this DOVE Phase 1 will eventually lay the ground for an upcoming Phase 2 that
will complete the pan-Alpine approach. This follow-up phase will investigate overdeepenings formerly occupied
by paleoglacier lobes from the western and southern Alpine margins through drilling sites in France, Italy, and
Slovenia. Available geological information and infrastructure make the Alps an ideal area to study overdeepened
structures; however, the expected results of this study will not be restricted to the Alps. Such features are also
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known from other formerly glaciated mountain ranges, which are less studied than the Alps and more problem-
atic with regards to drilling logistics. The results of this study will serve as textbook concepts to understand a
full range of geological processes relevant to formerly glaciated areas all over our planet.

1 Introduction

Overdeepened valleys and basins are commonly found be-
low the present landscape surface in areas formerly affected
by glaciations. As overdeepened structures reach below the
fluvial base level (Fig. 1, left), they are interpreted as be-
ing of glacial origin, presumably formed by pressurized sub-
glacial meltwater and ice-contact processes (e.g., Alley et al.,
2019; Huuse and Lykke-Andersen, 2000). Limited aware-
ness of subglacial erosion features historically posed severe
challenges such as the accident in 1908 in the Bernese Alps
(Switzerland) when a tunnel engineering project unexpect-
edly drilled into unconsolidated Quaternary sediments full
of pressurized groundwater in an unknown overdeepening,
causing 25 casualties (Fig. 1, right). In the Alps, overdeep-
ened features are mainly associated with tectonic structures,
weak lithologies, and/or Quaternary ice confluence and dif-
fluence situations. Overdeepenings occur in buried elongated
valleys, mainly oriented parallel to former ice flow, and in
basins in the ablation area of glaciers (Preusser et al., 2010).
The role of tectonics is still to be assessed, as regional differ-
ential uplift, fold growth, and active thrusting might induce
drainage changes and promote or prevent overdeepening.

The sedimentary fillings of overdeepened structures are
excellent archives of glaciations and environmental history
but have received relatively little scientific attention so far,
despite some initiatives on the southern margin of the Scan-
dinavian Ice Sheet (e.g., Gabriel et al., 2003; Jørgensen and
Sandersen, 2006; Buechi et al., 2018). In particular, contro-
versy surrounds the age of overdeepening. Buried, deeply in-
cised valleys on the southern side of the Alps likely formed
during the Messinian salinity crisis (Bini et al., 1978; Finckh,
1978), but this mechanism actually represents fluvial incision
caused by base-level drop. In comparison, beneath the former
Scandinavian Ice Sheet, the first overdeepening apparently
occurred during the Elsterian glaciation (Kuster and Meyer,
1979). For the Alps, lithostratigraphic records and prelim-
inary dating suggest that some overdeepened valleys were
repeatedly occupied and excavated by glaciers (Preusser et
al., 2010; Ellwanger et al., 2011; Pomper et al., 2017). Cor-
ing and dating first glacial events represent a starting point in
the reconstruction of the history of subsequent overdeepen-
ing phases. However, only few drill cores have been investi-
gated in detail with regards to the age of original formation
(e.g., Dehnert et al., 2012; Fiebig et al., 2014; Schwenk et
al., 2022), and the subsequent depositional and erosional his-
tory of overdeepened structures in the Alps remains largely
unknown.

The question of the age of overdeepening is causally
linked to the controversy of when Alpine glaciers first
reached into the foreland and how often (Fig. 2). Penck
and Brückner (1901) distinguished four glaciations during
the Quaternary, and wiggle matching to deep-sea records
predicts the onset of glaciation at ∼ 650 ka (van Husen
and Reitner, 2011). For the Rhine Glacier lobe, Ellwanger
et al. (2011) suggest the first glaciation reached this area
∼ 1 Ma, but major overdeepening occurred only during three
glaciations of the Middle and Late Pleistocene. An age of
870 ka for the onset of glaciation is proposed in northern
Italy (Muttoni et al., 2003), with a total of nine glacial ad-
vances identified in the Ivrea Morainic Amphitheatre (Gi-
anotti et al., 2015). In Bavaria, gravel deposits of potential
glacial origin imply the onset of glaciation during the Early
Pleistocene and a minimum of six glaciations, part of which
probably comprise more than one glacial advance (Doppler
et al., 2011; Fiebig et al., 2011). In northern Switzerland, at
least 15 glaciations, starting around 2.5–2.0 Ma ago, are pos-
tulated (Preusser et al., 2011). In the Western Alps, infor-
mation on Early and Middle Pleistocene deposits is scarce.
Overdeepening seems to be limited to Alpine valleys and
mainly filled with deposits of the last glaciation (Nicoud et
al., 2002; Buoncristiani and Campy, 2011); the last max-
imum of glaciation is expected to date at ∼ 65 ka (e.g.,
Gribenski et al., 2021). At this time, glaciers were appar-
ently much smaller in Switzerland but still reached the fore-
land, while in the Austrian Alps, glaciers are expected to have
barely reached the main inner-Alpine valleys (cf. Ivy-Ochs et
al., 2008).

The apparent differences regarding the timing and extent
of glaciations in the Alps are stunning and need to be ver-
ified and explained – a main objective of this project. A
potential explanation is a different pattern of atmospheric
circulation over Europe during glacial times (Florineth and
Schlüchter, 2000; Kuhlemann et al., 2008; Monegato et al.,
2017). DOVE will provide primary data from ice-proximal
sites from overdeepened structures and establish a broad-
scale picture by integrating published information from dis-
tal, non-glaciated basins in the sphere of the Alps and
by comparison with the global marine ice-volume record
(Fig. 2). In addition, overdeepened troughs are important for
applied aspects such as groundwater-resource management,
geothermal exploitation, and radioactive waste disposal. In
this regard, geophysical imaging will play an important role
in upscaling the information gained in boreholes. In partic-
ular, a multi-method approach (Hellman et al., 2017), with
modern numerical techniques (Jordi et al., 2018), to integrate
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Figure 1. Left: schematic sketch (not to scale) of the formation of overdeepened valleys by erosion below glaciers (dashed blue line)
reaching deeper than fluvial base level. After glaciation, troughs either are filled with sediment (red) or remain unfilled, thus forming lakes.
Together with the distal non-glaciated basins (yellow) and the marine ice-volume records, they provide the sedimentary archives of glaciation
history and are the targets of this project. Right: schematic cross-section through Gastern Valley (Bernese Alps, Switzerland) where in 1908
during a railway-tunnel construction, an overdeepened valley was unexpectedly encountered. The breakout of the water-saturated pressurized
Quaternary sediments caused 25 casualties (after Preusser et al., 2010).

Figure 2. Present knowledge of the Quaternary glacial history of the Alps. Correlation of glaciation evidence with marine isotope record
(Lisiecki and Raymo, 2005) is tentative; i.e., there is partly little confidence in presence and age as indicated by unfilled time spans and “?”.
“Adjacent glacier lobes” indicate glacial catchments not directly targeted by DOVE but in the same Alpine domain that likely responded in a
similar manner. Data for W-Alps: Mandier (1988), Nicoud et al. (2002), and Buoncristiani and Campy (2011); N-Alps: Preusser et al. (2011),
Ellwanger et al. (2011), and Dehnert et al. (2012); E-Alps: Gabris and Nador (2007), van Husen and Reitner (2011), and Salcher et al. (2012);
S-Alps: Bavec et al. (2004), Scardia et al. (2006), Pini et al. (2009), and Gianotti et al. (2015).

borehole data with surface geophysics is desired. Investiga-
tion of overdeepened phenomena in the densely populated
Alps is hence timely from both a scientific and applied per-
spective.

2 Objectives of the drilling program

On 3–4 April 2013, the ICDP Workshop DOVE “Drilling
Overdeepened Alpine Valleys” was held at Villa del
Grumello, on the southwestern shore of Lake Como (north-
ern Italy), followed by a field trip on 5 April 2013. The meet-
ing, organized by CNR–IDPA Milan, was attended by 46 sci-
entists from nine European nations (Austria, Denmark, Ger-
many, France, Italy, Slovenia, Sweden, Switzerland, and the
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Netherlands) and the USA. The outcome of the workshop
was a series of hypotheses and scientific questions as well as
a drilling strategy for the DOVE drilling program, consisting
of a novel approach by investigating several complementary
sites along the foreland around an entire mountain range. In
the Alps, geophysical surveys and previous boreholes pro-
vide a comprehensive picture of the distribution and geom-
etry of overdeepened structures that is not available for any
other mountain range. However, available borehole descrip-
tions are not detailed enough for thorough sedimentologi-
cal interpretation. Furthermore, dating the sedimentary infill
has not been possible until very recently, due to the lack of
suitable methods. By using a multidisciplinary approach to
decipher sedimentary facies and past environmental condi-
tions, and in combination with state-of-the-art dating meth-
ods, DOVE will address the following major scientific ques-
tions.

– (Q1) What were the timing and extent of past Alpine
glaciations?

The questions of how many glaciations occurred in
the Alps and when they started are highly controver-
sial but of fundamental importance to understand the
Quaternary dynamics of natural climate and environ-
mental change. Investigating cores will provide major
new insights, as they comprise sediments and erosional
features that are rarely accessible in outcrops. Further-
more, the timing and extent of past glaciations could
vary substantially along and across the Alpine arc. To
date, very few projects have applied multidisciplinary
approaches, and collaboration between scientists from
different regions has been rather limited. Consequently,
only an international initiative comprising various case
studies on the scale of an entire mountain range will
yield sufficient (“non-local”) homogenous information.
The key will be to identify cycles of erosion, glacial de-
position, and post-glacial infill by carrying out sequence
stratigraphy, establishing reliable age control, and relat-
ing them to regional and global records (i.e., marine iso-
tope stages, MISs).

– (Q2) How did atmospheric circulation patterns control
ice flow across the Alps?

During glacial periods, the Alps were situated in a par-
ticular setting with regards to past atmospheric circu-
lation, and a southward shift of the polar front turned
the northern foreland into an Arctic desert, while the
southern foreland still received sufficient precipitation
to support local forests. This likely caused substan-
tial differences in glacial advances, on both temporal
and spatial scales that are still poorly understood (e.g.,
Luetscher et al., 2015; Monegato et al., 2017). Hin-
derer et al. (2013) suggest that higher humidity led to

stronger glacial conditioning and topographic accentu-
ation of the Western Alps, which is reflected in a mod-
ern erosion rate approximately 3-fold higher, with re-
spect to the Eastern Alps. Comparison of the timing and
extent of past glaciations through multiple boreholes
around the Alps will provide new insights into the re-
gional temperature and precipitation conditions and the
related changes in circulation patterns at the temporal
scale of several glacial–interglacial periods. The evi-
dence of varying area-specific precipitation patterns col-
lected in this project will then allow for reconstruction
of moisture pathways during past glacial periods that
will be cross-checked with climate and ice-flow models
(e.g., Seguinot et al., 2018).

– (Q3) How were mountain ranges and their foreland
shaped by repetitive glaciations?

There is a gap between established timescales of post-
glacial sediment transfer and exhumation rates that pro-
hibits elucidating the response of erosional systems to
repeated glaciations (Wittman et al., 2007; Salcher et
al., 2014, 2021). An expanded circum-Alpine chronol-
ogy of Quaternary sediments will fill this gap, identify
times of high and low erosion rates, and compare them
with climate forcing and with the timing of the topo-
graphic evolution of the Alps. Repetitive glacial load-
ing and unloading may have caused a flexure of the
lithosphere and/or reactivation of basement faults, thus
affecting long-term landscape evolution. While numeri-
cal modeling provides a useful tool to estimate slip rates
along major faults, it needs to be validated by geolog-
ical records, in order to localize and quantify deforma-
tion. The influence of peripheral lithospheric forebulges
and ice loading on the reactivation of faults and struc-
tures will be evaluated in the context of landscape evolu-
tion on glacial–interglacial timescales. Investigating the
bedrock contact will help to illuminate the process of
overdeepening. Observations so far have distinguished
simple or multiple-phase bedrock-erosion surfaces that
are characterized sometimes with pieces of dislocated
bedrock and/or massive diamicts (LGRB, 2015). DOVE
will build upon these results with systematic investiga-
tions and by integrating sedimentological and geophys-
ical data.

DOVE will be accompanied by a series of geophysical in-
vestigations, before and after the coring, that will be carried
out to extend the punctual information provided from bore-
holes into 2D/3D. In the last years, the sites Tannwald and
Basadingen were already covered by high-resolution reflec-
tion seismic surveys that imaged a rich seismic stratigraphic
architecture of the trough fill and allowed for ideal drill-site
location (Burschil et al., 2018, 2019, 2020; Brandt, 2020).
Additional geophysical exploration work, comprising com-
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plementary methods and investigations at other sites, will
be closely linked to borehole information. Thus, DOVE will
contribute to a deeper insight into the origin of geophysical
signatures. For instance, it can be studied how major un-
conformities, which are related to the general development
of overdeepened structures, are imaged in reflection seismic
data (e.g., Büker et al., 1998; Burschil et al., 2018) or how
depositional environments are imaged by different seismic
facies (e.g., Büker et al., 1998; Reitner et al., 2010). In ad-
dition, electrical resistivities can distinguish between differ-
ent sediment facies (e.g., Rumpel et al., 2009; Reitner et al.,
2010). Geophysical surveys will allow for upscaling of the
parameters gained in the boreholes to the entire valley extent
using structural constraints and geostatistical information for
geophysical inversion and contribute towards a better under-
standing of valley formation and sedimentological processes.
This knowledge will also help to improve the interpretation
of data from sites where no boreholes are available.

Within DOVE, a series of additional research goals is also
foreseen:

1. It is planned to investigate, through pollen analysis,
changes in Alpine vegetation structure, plant biodiver-
sity, and phylogeographic patterns, which are likely
driven by glacial–interglacial cycles and region-specific
climate variability. Within the first DOVE phase, the tar-
get is to identify suitable sections in the cores by screen-
ing for the biotic content (pollen grains, spores, pollen
slide charcoal fragments, algae, and other organic parti-
cles).

2. This project also provides the unique opportunity to
identify present-day subsurface biological activity (cf.
Lee et al., 2010), which will be addressed in more de-
tail, depending on the results of the screening.

3. Once the data acquisition part of the overall DOVE
project has reached an advanced stage, separate projects
will address modeling landscape response, glacial ero-
sion, and climate.

3 Proof of concept: the Niederweningen site

DOVE uses a multi-method approach by combining geo-
physics, core sedimentology, laboratory sediment characteri-
zation, geochronology, and biological proxy (mainly pollen)
that has seen little application in glacial settings so far. To
prove the suitability of this concept, a pilot study is described
here in some detail that has been executed on cores from
Niederweningen (Figs. 3, 4 and 5). This village, located north
of Zürich in northern Switzerland, is well known for its rich
finds of Pleistocene faunal and floral remains, including sev-
eral bones of wooly mammoth (Furrer et al., 2007). It is lo-
cated just 2 km outside the maximum limits of the last glacia-
tion of the foreland (Fig. 6). The gentle valley of Nieder-
weningen is embedded between the easternmost spur of the

Figure 3. Top: seismic survey data along a NW–SE profile parallel
to the main valley axis. Bottom: sedimentary facies model of the
overdeepened trough of Niederweningen (modified after Dehnert et
al., 2012).

Jura Mountains to the south (buildup of limestone) and a
ridge of Molasse sandstone to the north, which is covered
by older Pleistocene glacial deposits. After a first core with
a length of 30 m was investigated (Anselmetti et al., 2010),
reconstruction of the sedimentary history was executed on a
second 93.6 m deep scientific drilling (Dehnert et al., 2012).
First, a sedimentary facies model of the subsurface was con-
structed, based on seismic surveys conducted using an ex-
plosive source (Dehnert et al., 2012) and a number of avail-
able geotechnical drill holes (Fig. 3). This revealed the pres-
ence of a trough carved into Molasse bedrock, reaching al-
most 200 m below the present surface. As the eastern part
of the trough is apparently filled by subglacial deposits and
deltaic sediments, the longest sequence with lacustrine de-
posits was the target of coring using a combination of rotary
and of percussion drilling techniques. A large coring diame-
ter of 326 mm was used at the surface part, slimming down
to 145 mm at the bottom part of the core. The applied cor-
ing techniques allowed for an almost complete recovery and
excellent quality of the cores.

After drilling, the liners were cut into 1 m segments and
split. The surface of one half-core was carefully prepared,
digitally photographed, and described macroscopically to de-
fine lithotypes and stratigraphic units. Smear slides (two for
each 1 m segment) were prepared to identify the major litho-
logic constituents, and shear strength was measured every
30 cm using a manual Eijkelkamp vane shear device. The
second half-core was used for further subsampling and U-
channel extraction. The latter were used to measure bulk
magnetic susceptibility and wet bulk density (gamma-ray-
based 137Cs source) with a multi-sensor core logger (MSCL).
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Figure 4. Core photograph, grain-size coded stratigraphic column, geochronology, and interpretation of depositional environment of the
Niederweningen site (modified after Dehnert et al., 2012) with indicated marine isotope stages at the bottom (Bassinot et al., 1994) and
lithofacies interpretation of the stratigraphic units. Pollen concentration data are shown on the right: white areas represent exaggeration × 10
of the pollen concentration curve. LPAZ indicates local pollen assemblage zones: LPAZ 1 – reworked pollen; LPAZ 2 – Alpine meadow,
initial phase of Late Glacial reforestation; LPAZ 3 – Eemian or second Early Würmian interstadial; LPAZ 4 – increasingly inundated by
water; LPAZ 5: very wet Cyperaceae/moss peat.

Laboratory analyses included determining total inorganic
carbon, total organic carbon, total sulfur, and total nitrogen
content as well as laser optical grain-size measurement. The
U-channel material was also used to measure the directions
and intensities of the natural remanent magnetization. A to-
tal of 372 sediment samples were taken, of which 99 were
analyzed for their pollen content. From the consolidated (la-
custrine) sediments, where the inner parts of the core had
not been exposed to light, 29 samples were taken for lumi-

nescence dating. The nature of the sediment required appli-
cation of the fine-grain technique (using silt-size grains 4–
11 µm; cf. Preusser et al., 2008). Both optically stimulated
luminescence (OSL) of the quartz and infrared stimulated
luminescence (IRSL) of the polymineral (feldspar) fraction
were used for dating.

The macroscopic description in combination with labora-
tory sediment analyses allowed for the identification of 10
lithological units within the core (A–J in Fig. 4). This com-
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Figure 5. Landscape reconstruction with glacial advance and retreat sequences, based on drill-core analysis at Niederweningen (modified
after Dehnert et al., 2012).

Figure 6. Location of primary DOVE Phase 1 sites (black), Nagra QBO sites (11 sites within the blue areas), Phase 2 sites (grey), and bonus
sites (green) in the Alpine region, with limit of the Last Glacial Maximum (pink line), maximum limit of Pleistocene glaciation (black line),
location of overdeepened structures (red) and pathways of major moisture sources (red arrows) (after Preusser et al., 2010). Indicated are
glacial catchments related to the drill-site areas (dashed blue lines) and main paleo-ice-flow directions (blue arrows). Orange circles indicate
distal continental basins that lie in the fluvial sediment pathways (arrows) and provide a more continuous but indirect record of glaciations.

prises direct glacial (till) and proglacial lacustrine deposits
as well as peat and alluvial sediments in the upper part of
the sequence. The lithological units were attributed to certain
facies based on general appearance and characteristic prop-
erties such as the state of consolidation and the presence of

drop-stones. Pollen extracted from the sediments has a good
to excellent stage of preservation and allows five main lo-
cal pollen assemblage zones to be defined, including some
sub-zones (Fig. 4). The luminescence ages reveal some scat-
ter and offset between OSL and IRSL ages, the latter being
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mainly higher than the first. This can be explained by the
presence of partial bleaching, leading to overestimation of
the IRSL age estimates (Dehnert et al., 2012). Hence, the
chronology is based on the quartz OSL ages, in combina-
tion with information derived from palynology and sediment
properties (i.e., unconformities).

The entire dataset gathered during the project was inte-
grated and eventually transferred into visual snapshots of the
environmental history, carried out by artists that were ad-
vised by members of the scientific team (also available online
at http://www.mammutmuseum.ch, last access: 24 Septem-
ber 2022). Figure 5 shows visual snapshots that summarize
the glaciation and environmental history of the region, as
deduced by the full suite of drill-core analysis. The earli-
est phase recorded is till resting directly on top of molasse
bedrock, which indicates that the glacier either carved out a
new basin or at least completely removed all previous Qua-
ternary deposits. Melting of the ice body is reflected by lake
sediments, showing the transition from a proximal, drop-
stone-dominated facies towards a more distal facies, domi-
nated by silty dropstone-free deposits. According to quartz
OSL ages, the area became ice-free around 180 ka. Two
breaks in sedimentation are observed within the lake deposits
and have major implications for the glaciation history of the
area. The first break is identified by disturbed sediment struc-
tures, a gradual increase in shear strength, and an offset in
both the OSL and IRSL ages. The latter imply this event
dates to ∼ 150–140 ka, which is interpreted as the ground-
ing of ice by a cold-based glacier (Dehnert et al., 2012).
The second break in sedimentation is indicated by the ab-
sence of thermophile pollen that represents the Last Inter-
glacial (Eemian), in concert with a gap of some 10 000 years
recorded in the age data (Fig. 4). Luminescence dating and
palynology point towards the deposition to be attributed to
the second Early Würmian interstadial (Odderade). However,
it is not clear whether the gap represents either no deposi-
tion or an erosional phase. The upper part of the sequence is
composed of peat dated to ∼ 45 ka, hence representing the
layer dated in outcrops (Hajdas et al., 2007; Preusser and
Degering, 2007) and accompanied with faunal remains (Fur-
rer et al., 2007). The environment is interpreted as wetlands,
which represent the final phase of lake development that is fi-
nally covered by alluvial deposits transferred downslope dur-
ing periglacial conditions (Fig. 5). While these artistic recon-
structions are based on evidence observed at the site and its
surroundings, the visualization includes a certain degree of
interpretation.

4 DOVE approach

The DOVE program is designed to be executed in two phases
(Fig. 6), with Phase 1 comprising boreholes along the North-
ern Alpine front and Phase 2 targeting the western and south-
ern margin of the Alps, thus allowing for a complete trans-

Alpine dataset. Eventually, a series of drilling and research
proposals were funded and integrated with activities inves-
tigating the storage of nuclear waste disposals in the Swiss
Alpine foreland (National Cooperative for the Disposal of
Radioactive Waste) as well as with the geological surveys of
Austria, Baden-Württemberg, and Bavaria. Funding granted
by ICDP and other partners in 2021 allowed the drilling of
two sites (5068_1 (TANN) and 5068_2 (BASA)) and the re-
visiting of three legacy cores previously drilled at two sites
in Bavaria (5068_3 (SCHA) and 5068_4 (FREI) and in an
inner-Alpine overdeepening (5068_5 (BADA)). Information
from these sites will be complemented by similar drilling
programs in glacial overdeepenings in northwestern Switzer-
land (Fig. 6; QBO – Quaternary drill holes: Gegg et al., 2021;
SNF-Bern: Schwenk et al., 2022), and DOVE Phase 1 will
eventually comprise more than 20 sites. In addition, ICDP
has indicated they will provide funding for the remaining
four DOVE sites along the southern transect (DOVE Phase
2), if DOVE Phase 1 is successful and matching funds can be
secured.

4.1 ICDP Site 5068_1 (TANN)

Site 5068_1 is situated to the north of Lake Constance, in an
area previously covered several times by ice of Rhine Glacier
but outside the limits of the last glaciation (Figs. 6, 7). A re-
search drilling in the area carried out in the early 1990s, lo-
cated ∼ 1300 m south of Site 5068_1 and described in Ell-
wanger et al. (2011), reached molasse bedrock at a depth
of ∼ 209 m. The sequence comprises 13 m of allochthonous
molasse underlain by gravel and diamicts of presumed sub-
glacial origin. The ∼ 150 m on top represents bottomsets,
which turn into foresets of a lake filling sequence. The mid-
dle part of the fine-grained sediments contains pollen reflect-
ing the Holsteinian Interglacial, which implies the formation
of the basin is assigned to the Hosskirchian glaciation (Ell-
wanger et al., 2011).

Detailed geophysical surveys have contributed to decipher
the geometry of the overdeepened structure (Fig. 7; Burschil
et al., 2018) and to define the drilling location of Site 5068_1.
Drilling began on 6 April 2021 and finished on 3 Decem-
ber 2021. Two flush boreholes (5068_1_A+B) and one core
drilling (5068_1_C) were drilled to depths of 163, 155 and
165 m, which reached the base of the Quaternary valley at
153, 154, and 155 m, respectively. The reason for the three
boreholes being just 28–40 m apart, which were all subse-
quently finished as wells with 80 mm PVC casing, is their
availability for cross-hole seismic experiments as well as wa-
ter sampling. The core drilling began using a ramming sys-
tem, but, especially in the upper 40 m, it was found that ei-
ther the crown of the corer wore down very quickly or/and
a large number of hammer counts were made to achieve
a meter of core. Finally, after trying unsuccessfully to ram
through highly consolidated sand at 82 m, the coring method
was changed to rotary coring. The core drilling took nearly
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Figure 7. Top: maps displaying the location of the DOVE Phase 1 site 5068_1 (TANN) with relation to different generations of overdeepened
basins (after Ellwanger et al., 2011). Bottom: interpreted seismic section and superimposed interpretation of profile 1 across the Tannwald
basin (from Burschil et al., 2018). Elevation (black line) and faults with offsets> 2 m (dark blue). D3 (base of basin) and D2 are regional dis-
continuities that separate major sedimentological units. Seismic facies: M upper freshwater molasse, M’ allochthonous molasse, A lodgement
till, B basin fines, C till sequence, and E fluvial deposits.

15 weeks. Drill cores were recovered and stored in opaque
PVC liners. During the core drilling, the core catchers were
sampled for noble-gas analysis, and geomicrobial samples
were taken to study the deep biosphere.

The core-catcher-based lithologic succession (Fig. 8)
shows the upper ∼ 39 m of Hole 5068_1_C consisting of
coarse gravelly and partly diamictic sediments interpreted to
partly represent direct ice contact from an overriding Rhine
Glacier. This coarse succession is underlain by finer grained
clayey–silty sediments with occasional sandy layers. These
fine-grained lithologies extend downcore to 143 m and are in-
terpreted to have been deposited in a lacustrine setting. From
there to the bedrock contact at 159 m, variable lithologies in-
cluding diamictic and gravelly layers indicate again an ice
contact at the base of the overdeepening. Overall, the succes-
sion confirms that the trough and its filling represent multiple
glacial stages, as supported by the seismic data (Fig. 7).

4.2 ICDP Site 5068_2 (BASA)

Drill site ICDP 5068_2 is located on the Basadingen trough,
which is part of the local overdeepened channel system that
was formed by the Rhine Glacier during multiple Middle–
Late Pleistocene glaciations (Figs. 6, 9). A seismic sur-
vey in 2019 (Brandt, 2020) revealed a narrow valley with
steep flanks that reaches a maximum depth of up to 300 m
(Fig. 9). The seismic sequence analysis indicated a multi-
phase stacked sedimentary fill, which was targeted with the
selected drill site near an old flush drilling from the 1980s.
Drilling operations took place from 25 May to 13 October
2021. The final depth of 253 m was reached using a com-
bined approach of percussion drilling in the upper 60 m and
a triple-tube wireline setup below. Bedrock was not reached,
but bedrock fragments occurring towards the lowermost me-
ters of the drill core indicate close proximity to the base, as
supported by the seismic data. All drill cores were recovered
and stored in opaque 1 m long PVC liners. Immediately after
recovery, sediment samples were taken from selected cores
from the core catchers for geomicrobial and noble-gas pore-
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Figure 8. Core-catcher-based lithologic logs of ICDP Site 5068_1_C (Tann-C) and 5068_2_A (Basa-A) with indications of drilling tech-
nologies.

water analysis. Afterwards, all cores were sealed with caps
and labeled and scanned on-site with a MSCL for wet bulk
density, magnetic susceptibility, P-wave velocity, and natural
gamma radiation. After scanning, the cores were transported
to the University of Bern, where they will be stored at 4 ◦C

until opening. When drilling operations were completed, a
comprehensive wireline logging campaign was carried out in
the borehole.

A first core-catcher-based lithologic succession (Fig. 8)
of Hole 5068_2_A shows a complex stratigraphy with nu-
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Figure 9. Left: location of primary DOVE Phase 1 site 5068_2 (BASA; yellow dot) in the overdeepened trough with a sediment thickness
of up to 300 m (bedrock model by Pietsch and Jordan, 2014). The parallel and partly crosscutting overdeepenings likely represent glacial
erosional pulses of different ages. They all belong to the western lobe of the Rhine Glacier. Right: seismic Line 2 crossing the Basadingen
trough (Brandt, 2020). Note the complex Quaternary sequences (A–G) composing the trough-filling stratigraphy. Bedrock (M) is at ∼ 255 m
depth.

merous changes between coarse gravelly and partly diamic-
tic sections with sandy lithologies. Only minor amounts of
silty lithologies are observed in the core catchers, indicating
a rather ice-proximal depositional environment throughout
the trough infill. In general, as at Site 5068_1, these initial
results and observations support the seismic interpretation,
i.e., the occurrence of the proposed multiphase glacial cycles.
However, detailed analysis of the cores with a wide range of
different proxies, core log, and wireline log data will help
to refine the depositional and chronostratigraphic interpreta-
tion.

4.3 ICDP Site 5068_3 (SCHA)

This location is situated at the northern edge of the former
Isar-Loisach Glacier, just within the limits of the maximum
ice extent of the last glaciation. Overdeepening in the region
was investigated by Jerz (1987), who identified a basin struc-
ture below the present town of Wolfratshausen and adjacent
glacial basins in its surroundings. In order to better constrain
the detailed shape of these glacial basins, the relative position
of the core within the basins and its depositional structures,
further geophysical data will be acquired by the Leibniz In-
stitute of Applied Geophysics (LIAG).

Drilling was performed in 2017 by the Bavarian Environ-
ment Agency (LfU) and recovered 198.8 m of core. Coring
operations had to be stopped for financial reasons, but the
base of the Quaternary is assumed to be near the base of
the core at ∼ 200 m below the surface. The preliminary sed-
imentological logging of the core was based on cuttings and
investigated the top and bottom parts of the sections. Accord-
ing to these observations, the upper 15 m of the core consist
of till, followed by ∼ 100 m of gravel of presumably Rissian

and Mindelian age. The lower part of the sequence comprises
basin deposits (mainly silt), which is tentatively correlated
with either the Mindelian or Günzian glaciation. The cores
remained closed until July 2021, when DOVE investigations
started. First, all closed cores were scanned at the facilities of
the Federal Institute for Geosciences and Natural Resources
(BGR) in Berlin Spandau. Subsequently, the cores were cut
into two half sections and transported to the sampling repos-
itory of the LfU in Hof (Bavaria). Based on the first analy-
sis of core cuttings, the infill of the Schäftlarn Basin spans
several glacial cycles. Very recently (late November to early
December 2021), the detailed core logging and first sampling
of the sequence was started by the DOVE team in the core
repository. In 2022, the whole sequence will be sampled and
investigated.

4.4 ICDP Site 5068_4 (FREI)

This site is located near the border between Germany and
Austria, in an area formerly covered by ice of the Salzach
foreland glacier. The research drilling was carried out by
the Bavarian Environmental Agency (LfU) in a Quaternary
branch basin that was diverted from the main Salzach Glacier
basin to the NW. The drilled sequence was first described
by Fiebig et al. (2014). The drilling sequence covers 136 m
of cores; the Quaternary base was reached at 116 m below
the surface. A distinct discontinuity in sedimentation was
discovered at ∼ 25 m depth below surface. First age dating
was conducted using quartz- and feldspar-based lumines-
cence dating techniques (Fiebig et al., 2014). While these
investigations yielded a reliable chronology up to 57 ± 6 ka
for the part of the core above the discontinuity, method-
ological limitations prevented a reliable chronology being
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established for the part of the core below the discontinuity.
Both quartz and feldspar luminescence signals indicated sig-
nal saturation, providing only limited age information as all
ages beyond 200 ka have to be interpreted as minimum ages.
However, methodological progress, especially the develop-
ment of single-grain luminescence dating techniques using
potassium-rich feldspar, may now provide better age control
for the older part of the core, with first tests conducted at the
Vienna Laboratory for Luminescence dating (VLL) show-
ing promising results. To create a cross-check and an over-
lap of independent dating methods, additional samples from
the lower fine-grained part of the drilling will also be inves-
tigated using cosmogenic isotopes.

In addition to the numerical dating approaches, the core
will also be reinvestigated in detail with regard to sedimentol-
ogy, especially including a detailed analysis of the laminated
fine lake sediments to further improve the knowledge about
the infill and environment of the Pleistocene lake of Freilass-
ing/Neusillersdorf in the Salzach foreland glacier area. Fur-
ther unconformities in the sequence will be especially ad-
dressed by sediment logging and dating in 2022.

4.5 ICDP Site 5068_5 (BADA1)

This site is located in the former Traun Glacier area, inside
the limits of the Alps and ∼ 80 km SE of the site 5068_4.
The core was first described by van Husen and Mayer (2007)
and was subdivided into two sections, with the upper section
comprising ∼ 200 m of cover sediments (including glacial di-
amictons and coarse gravels – interpreted as “Vorstoßschot-
ter” – below) and the lower section consisting of ∼ 700 m
of lake sediments from a glacial delta situation. Based on
geophysical data (Steinhauser et al., 1985), the Quaternary
basin – situated in the midst of the Austrian Alps – is about
1100 m deep and thus reaches a depth below surface com-
parable to the present-day level of the Dead Sea. Van Husen
and Mayer (2007) proposed the formation of this very deep
trough below Bad Aussee to be related to dissolution of
Alpine salt deposits that are mined near by. A scientific inves-
tigation concerning the chronology and mechanism of forma-
tion is planned. A new geophysical survey to resolve under-
ground geometry is planned by the Leibniz Institute of Ap-
plied Geophysics (LIAG) to investigate the geometry of this
dramatically overdeepened structure. The core will be sedi-
mentologically reinvestigated during sample retrieval for age
dating starting in early 2022. The start of detailed logging
of the cores and sampling for luminescence and cosmogenic
dating began in January 2022.

5 Scientific analysis

5.1 Geophysical investigations

Data retrieved from drill core or borehole logging data pro-
vide important, vertically highly resolved information of the

valley fill but only for a limited spatial region. Geophysical
measurements are able to project the borehole information
(lithology, stratigraphic contacts, and physical properties)
into cross-sections and longitudinal sections of overdeepened
valley structures. This has already been done by P-wave re-
flection seismic data for 5068_1 (Burschil et al., 2018) and
5068_2 (Brandt, 2020), providing a very good resolution to
image the valley base and some prominent unconformities.
For 5068_2, S-wave data (Burschil and Buness, 2020) and
two small 3D seismic surveys (P- and S-waves) were also
carried out (Buness et al., 2020, 2022; Burschil and Buness,
2020; Burschil et al., 2020, 2022). Aiming to compare the
different sites and, thus, catchment areas, 2-D seismic P- and
S-wave surveys at the 5068_4 and 5068_5 site are envisaged.

5.1.1 Geophysical downhole logging

For most of the main DOVE and bonus sites (at the legacy
sites 5068_3, 5068_3_4, and 5068_3_5, the borehole are
not accessible anymore), a geophysical logging program ac-
quired the spectral natural gamma radiation, electrical resis-
tivity, magnetic susceptibility, and acoustic velocity (sonic)
logs of the sediments. At the 5068_1 site, further parame-
ters were logged, for example, porosity and density. Depth
control and correction of core deformation that results from
the process of coring itself (stretching and compression, core
loss) will be achieved by comparing data from the multi-
sensor core logger with logging data. Therefore, compos-
ite lithological profiles of the borehole sites, based on high-
resolution core measurements and wireline-logging data, will
be used to characterize and interpret the depositional se-
quences at the individual sites. Advanced geostatistical meth-
ods, such as factor and cluster analysis, will support sediment
characterization and correlation, especially where complete
coring cannot be obtained (Hunze and Wonik, 2009; Hunze
et al., 2012; Baumgarten et al., 2014).

The characterization and interpretation of petrophys-
ical properties include sediment composition and tex-
tures, cyclicities (if analyzable), and sequence stratigraphy.
Gamma ray, magnetic properties, and porosities, etc. are sen-
sitive to changes in clay content and grain size and thus
can provide direct textural information; the significance of
specific parameters as a proxy for climate or environmental
change in these highly dynamic systems needs to be eval-
uated. The complementing approaches help to identify un-
conformities and glacial sediment boundaries. The dipme-
ter, if deployable, provides information about the orienta-
tion of sedimentary structures and thus might help to better
understand the sedimentation processes. For selected bore-
hole sections, the acoustic borehole televiewer may provide
insight into sediment structures. Vertical seismic profiling
(VSP) ties borehole information to the acquired surface seis-
mic data. The compaction of the sediments caused by sedi-
ment and glacial load will also be analyzed with information
from the logs. For instance, trends in compaction might be
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related to individual glacial cycles. Based on the basic data
and derived lithologs, the sediment characteristics of the var-
ious drill sites can then be compared with data from existing
boreholes and surface geophysics and correlated to identify
lateral variations of the sedimentary facies. Finally, the log-
ging data will help to improve the interpretation of surface
geophysical data.

5.1.2 Seismic cross-hole tomography

At the 5068_1 site, seismic tomography experiments, funded
by the Deutsche Forschungsgemeinschaft, will help to reveal
sediment properties and the sedimentation processes during
the fill of the basin in more detail. Sedimentation processes
may generate an anisotropic sedimentological setting. Dif-
ferent mechanisms that lead to seismic anisotropy of the sed-
iments can be (1) fine layering, (2) clast alignment of flu-
vial sediments, (3) glacio-tectonic overprint, and (4) over-
consolidation by glacial loading. Since seismic near-surface
methods lack the resolution of seismic anisotropy to date,
we conduct the seismic cross-hole experiment. Site 5068_1
provides a unique opportunity and the ideal setting of three
boreholes (∼ 160 m deep) at optimized distances of 28–40 m
for such an approach. For the experiment, different source
systems that are able to generate P-waves as well as differ-
ently polarized S-waves will be deployed. Polarization anal-
yses will give evidence of shear wave splitting and direct ac-
cess to anisotropy and allow us to identify the arrivals of dif-
ferent wave types. The first arrivals of each wave type are the
input for isotropic travel time tomography between the adja-
cent boreholes. Isotropic full waveform inversion will further
increase the resolution and accuracy of seismic velocities.
Since the three boreholes enable a comparison of three az-
imuths of the average P- and S-wave velocities for each sed-
imentary unit, observed differences in the SV- and SH-wave
velocities can give information about seismic anisotropy. Us-
ing borehole data, core analysis, and sedimentological inter-
pretation, sedimentological and seismic anisotropy will be
integrated to derive sedimentation processes. The findings
will be included in a methodical assessment of anisotropic
VSP and surface data analysis that can be used at other
DOVE locations, where only one borehole is present.

5.1.3 Combined inversion of seismic and resistivity data

Geophysical imaging greatly benefits from a combination of
methods that are sensitive to different properties. Electrical
resistivity is a parameter that is highly sensitive to groundwa-
ter salinity, porosity, and clay content and can thus comple-
ment seismic images effectively and efficiently. At 5068_1,
an electrical or electromagnetic survey is envisaged for this
purpose. The limited resolution inherent in the imaging can
be overcome using structural constraints in the inversion
(Günther et al., 2011; Doetsch et al., 2012). Furthermore,
the ambiguities in the imaging of different parameters can be

greatly reduced by coupled cooperative inversion (e.g., Ron-
czka et al., 2017).

5.2 Core description and sedimentology

Initial analysis at the borehole site and the core repository
followed standard ICDP protocols: at the 5068_2 site, a
MSCL scanner was used, and at 5068_1 and 5068_2 sites,
cores were opened and initially described. Available infras-
tructure ensures core storage in cold rooms and allows for
multi-sensor core logging, cutting, scanning, and sampling,
which will be carried out in a consistent manner for all drill
cores. A general stratigraphy will be established, and all gen-
erated data will be uploaded to the mDIS (ICDP Digital In-
formation System). The data will be integrated with well-
log, core-log, and site-survey data, so that all scientists can
use them for their respective research topics. After the usual
moratorium, data will be available for non-involved scien-
tists, who may submit sample requests to the DOVE opera-
tional committee, complemented by the repository curator.

Various sediment properties will be collected to recon-
struct the depositional history through lithological, geochem-
ical, physical, and geotechnical investigations. To correlate
various sites in different catchment areas, the glacially in-
fluenced sediment records will be analyzed, interpreted, and
integrated by sequence stratigraphic concepts of a glacial se-
quence that represents a genetic unit formed during an ad-
vance and meltdown cycle (Ellwanger et al., 2011; Powell
and Cooper, 2002). These sequences will be recognized by
identifying characteristic lithological and geophysical sig-
natures. Combined with the geochronological data, this se-
quence stratigraphic approach will allow us to correlate sites
and sediment provenance, thus addressing the key scientific
goals. The proximal sites allow us to identify the direct ev-
idence of glacial advances in the record, i.e., erosional sur-
faces that mark the transition from erosion to accumulation.

5.2.1 Physical and geotechnical properties

The basic sedimentological description generated during the
core-opening sessions by the scientific team will be refined
by detailed lithological analysis. Cores will be described
using standard sediment classification schemes. Grain-size
analysis, combined with observations of sedimentary struc-
tures, yields information meltwater volume and flow veloc-
ity during deposition. Sedimentological data will be inte-
grated with the data from the multi-sensor core-logger com-
prising wet bulk density, P-wave velocity, magnetic suscep-
tibility, and natural gamma ray (5068_2 only) in order to
define a detailed lithological succession and separate it into
various lithotypes. Establishing the glacial sequence stratig-
raphy in particular requires the recognition of unconformi-
ties, which relies on a detailed analysis of potential ice-
contact sediments (till layers), including their geotechnical
properties. Ice-contact sediments are expected at the base of
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the overdeepening, where they may be used to reconstruct
the mechanisms of bedrock erosion, or within the sedimen-
tary infill, where they can be studied for the mechanisms
of basin reactivation. Micromorphological sediment analy-
sis using large thin sections will provide data to evaluate
the coupled or decoupled state of the glacier bed that led
to the deposition of tills and sorted gravel and sands (Men-
zies, 2000). This analysis will be matched with X-ray com-
puter tomography of selected half-cores that has proved ex-
tremely valuable in analyzing diamictic fabrics and bedrock
deformation (Buechi et al., 2017a; Gegg et al., 2020). Glacial
sequence boundaries will be identified by investigating the
geotechnical properties, such as consolidation state, which is
an important parameter to determine whether the sediment
was overridden by a glacier. Vane shear testing at regular in-
tervals on the freshly opened surface will provide a quick
evaluation of shear strength. Interesting areas may be se-
lected for further geotechnical testing in the laboratory on
the basis of the initial measurements. In addition to physico-
sedimentological and petrophysical signatures, geochemical
and mineralogical patterns provide further criteria to iden-
tify major breaks or changes in sedimentation. Total organic
and inorganic carbon analysis will be routinely carried out
in order to identify potential “warm-climate” lacustrine de-
posits. Depending on lithology, cores may be analyzed with
XRD (X-ray diffraction) for mineralogical patterns and/or
XRF (X-ray fluorescence)-scanned for elemental geochem-
ical analysis that may reflect changes in the hydrogeologi-
cal catchment (Anselmetti et al., 2010; Dehnert et al., 2012).
Moreover, provenance studies (heavy mineral analysis and
radionuclide compositional analyses) may show changes in
the main drainages that could have been triggered by glacial
erosion, piracy, or tectonic disturbance.

5.2.2 Screening for biologic proxies

The ultimate aim is to use biogenic remains (e.g., pollen,
diatoms) to refine Pleistocene biostratigraphy, the history
of mountain life, and the climatic history of the Alps and
to trace fluvial erosion and glacial abrasion (reworked bio-
logical remains). As previous projects (e.g., Dehnert et al.,
2012) have shown, not all fine-grained deposits are suitable
archives in this context. In the initial stage we will sample
only selected units to test their potential for such analysis.
Detailed investigations will be carried out within follow-up
proposals, once promising core sections have been identified.

5.3 Sediment dating

A key issue will be to establish reliable and independent
chronologies for the different sedimentary records. While bi-
ological remains (pollen) may allow us to some extent to
determine a stratigraphic setting for the investigated strata,
this approach is problematic for the Middle Pleistocene due
to the lack of characteristic pollen assemblages. Radiocar-

bon dating will be applied where appropriate, but most of
the scientific questions of this project are very likely beyond
its range. Magnetostratigraphy uses the “barcode” pattern of
magnetic polarity reversals registered in sediment succes-
sion (Opdyke and Channell, 1996). Successful application of
magnetostratigraphy to sediments relies on the detection of
a number of magnetic polarity reversals or shorter-scale ge-
omagnetic excursions in field intensity, declination, and in-
clination (secular variations; e.g., Channel, 2006). The main
limit of the method is the presence of suitable material, i.e.,
fine-grained cohesive deposits. To establish a robust chrono-
logical framework, magnetostratigraphy will support the ap-
plication of independent geochronological approaches. The
two most promising methods for the present project are lumi-
nescence dating and terrestrial cosmogenic nuclides (TCNs).
In addition, noble-gas analysis in the porewater might pro-
vide information on the age of deposition. We will cross-
check results using the three approaches and amend the sam-
pling density as appropriate. Multiple glaciation events and
reworking will not substantially reduce the dating accuracy,
as recent progress in dating technology allows for the iden-
tification of at least the glacial–interglacial period during
which sedimentation occurs.

5.3.1 Luminescence dating

This method has already been applied to date the sediment
infill of valleys in the foreland of the Alps (e.g., Preusser
et al., 2005; Anselmetti et al., 2010; Buechi et al., 2017b).
An internal check for reliability is available by comparing
ages determined for quartz and feldspar, as the minerals have
different physical properties (e.g., Dehnert et al., 2012). De-
pending on dose rate, standard optically stimulated lumines-
cence (OSL) of quartz and infrared stimulated luminescence
(IRSL) of feldspar may be used to date back to about 200 ka.
In addition, several luminescence techniques have recently
been suggested to be capable of dating older sediments of
which the post-IR (pIR)-IRSL method has shown the high-
est potential to produce reliable ages for the time window
back to ∼ 400–500 ka (Buylaert et al., 2012). This approach
has also been used in the Upper Rhine Graben, revealing an
onset of coarse debris accumulation, presumably related to
Alpine glaciations, at at least 450 ka (Preusser et al., 2021).

In general, luminescence ages are associated with uncer-
tainties of ∼ 10 %, and accuracy will be verified by cross-
checking different techniques and by comparison with in-
dependent approaches; furthermore, interlaboratory compar-
isons will evidence the reliability of ages. Sampling will
be done by using chips of fine-grained material or sam-
ples from opaque liners (as planned for all DOVE cores),
opened under red-light conditions. Well-established tech-
niques (IRSL/OSL, pIR-IRSL) will be applied using mul-
tiple and single-grain approaches and test the performance
of different protocols, by carrying out experiments to char-
acterize the luminescence properties (standard tests such as
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dose recovery, thermal transfer, thermal stability/lifetime,
and fading). Based on age estimates from previous dating
studies (partly unpublished), samples from the region can be
dated back to at least 200 ka (possibly to 500 ka) using both
quartz and, in particular, feldspar-based methodological ap-
proaches.

5.3.2 Terrestrial cosmogenic nuclides (TCNs)

The determination of burial ages has been used to success-
fully assign ages to quartz-rich sediments washed into cave
systems, for example, in Switzerland by Haeuselmann et
al. (2007a, 2015). In addition, glaciofluvial deposits (Deck-
enschotter) from northern Switzerland were dated to an age
range from ∼ 1 to 2 Ma (Claude et al., 2019; Knudsen et
al., 2020). In Slovenia, Mihevc et al. (2016) were able to
date pebbles from a cave in conglomerate to ∼ 1.8 Ma. In
addition, classical sites of Mindelian and Günzian in the
Bavarian Alpine foreland have been investigated and found
to be between 0.6 and 2.3 Ma years old (Haeuselmann et al.,
2007b). Cosmogenic depth-profile ages have been presented
for northern Switzerland (Claude et al., 2017), reaching back
to 1.5 Ma. The isochron technique (Balco and Rovey, 2008)
will be applied to specific samples collected in the project.
The actual dating strategy will depend on the sediment suc-
cession of each drill core.

5.3.3 Noble gases in porewater

Environmental tracers in the pore fluids of unconsolidated
sediments indicate that the porewater that was incorporated
during sedimentation can be quantitatively trapped for up to
several 100 ka (e.g., Hendry et al., 2005; Hendry and Wasse-
naar, 2011; Wassenaar and Hendry, 2000). Recently, Tomon-
aga et al. (2022) demonstrated that fine-grained sediments
in overdeepened valleys may preserve porewater that was
trapped during sediment deposition; i.e., the sediments and
originally deposited (i.e., co-eval) pore fluid were not “sep-
arated” and behave as a closed system. Due to their low re-
tention, radiogenic noble gases such as 4He or 40Ar (pro-
duced within the solid matrix by the decay of U and Th or
40K, respectively) accumulate in fluids, such as porewater.
Therefore, concentrations of radiogenic noble gases (4He,
40Ar) can yield information not only on the residence time
of the porewater, but also on the duration of porewater en-
trapment and thus on the sediment deposition (Brennwald et
al., 2013; Tomonaga et al., 2014, 2017). We aim to test this
novel technique to porewaters of aquitards to reconstruct the
conditions under which the porewater was embedded in these
low-permeable sediments.

5.4 Synthesis DOVE Phase 1

Once the drill holes have been analyzed and information on
nature and age of infilling and erosional phases are avail-
able, data will be compiled and assembled along the north-
ern Alpine transect of Phase 1. Data from the surrounding
non-overdeepened landscape, such as tills, wall moraines, or
glaciofluvial accumulations, will be integrated into this con-
cept, offering a morphogenetic land-system approach (Ell-
wanger et al., 2011; LGRB, 2015; Fig. 6). The identified
(a)synchronicities will be interpreted in terms of lateral vari-
ability of glacier activities along the front of the Alps over the
last glacial cycles back into the Middle Pleistocene. These
patterns then will be used as constraints for climate and
glacier simulations in order to understand the regional dy-
namics of past atmospheric circulation patterns and their con-
sequences for ice buildup and glacial variations. This new
understanding of paleoenvironmental signatures of the past
glacial epochs then will serve as a first milestone that will, if
successful, justify the planning of DOVE Phase 2.

6 Conclusions

The ICDP project DOVE will apply a so far infrequently used
approach to decipher the origins and environmental context
of overdeepened structures in the Alps and their foreland.
A key element of the project is investigating a series of
drill cores taken from all around the Alps. These will be in-
vestigated using unified scientific protocols to allow for di-
rect comparison of the data, which will be stored in online
databases. Focus of the first phase of DOVE is the northern
foreland of the Alps, where five locations will be addressed
in great detail. This comprises the application of classical
sedimentological approaches in combination with support-
ing laboratory analyses (e.g., grain-size determination, mi-
cromorphology, X-ray computer tomography). Constraining
the age of the sedimentary filling will be done using state-
of-the-art geochronological methods, mainly luminescence,
TCNs, and noble-gas porewater dating. Suitable sediments
will be screened for pollen content that will give insights into
environmental conditions but possibly also allow us to estab-
lish a biostratigraphy. In addition, two of the recently drilled
cores have been sampled to check for potential subsurface
biological activity. A key element of DOVE is the applica-
tion and refinement of geophysical methods that will allow us
to identify the subsurface geometry of overdeepened struc-
tures. By doing so, this will allow for the upscaling of high-
resolution point information gained by analyzing of the sed-
iment sequences of the cores. Once the first phase of DOVE
has proven the effectiveness of its approach, it is intended to
include cores from the western, southern, and eastern parts
of the Alps and by this accomplish a full circum-Alpine ap-
proach.

DOVE includes a series of connected objectives. For ex-
ample, investigating the contact between bedrock and the
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basal part of the sedimentary filling is expected to add new
insights into the mechanisms of formation of overdeepening.
Analyzing the facies and age of the sedimentary filling of the
structures will allow us to unravel the environmental context.
Since several of the overdeepenings remained under-filled
for quite some time after their formation, they will also pro-
vide information about phases subsequent to the glaciation
in which the structure was initially formed. Hence, all this
information will help to improve our understanding of the
glaciation history of the Alps that, according to recent pub-
lications, appears much more complex than often assumed
previously. Overall, the data gained during the DOVE project
will help to better understand how mountain ranges and their
foreland have been shaped by glaciers during the Quaternary.
In addition, it has been shown during the past 2 decades that
changes in atmospheric circulation very likely had a decisive
impact on the glaciation pattern in the Alps. While this is to
some extent understood for the Late Pleistocene, knowledge
beyond this time is rather limited. Identifying regional differ-
ences in the glaciation history during the DOVE project may
help to better understand the nature of climate change and its
impact during the Quaternary.
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