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Abstract: Overdeepened structures occur in formerly and presently glaciated regions around the earth and are
usually referred to as overdeepenings or tunnel valleys. The existence of such troughs has been known
for more than a century, and they have been attributed to similar formation processes where subglacial
meltwater plays a decisive role. This comparison highlights that (foreland) overdeepenings and tunnel
valleys further occur in similar dimensions and share many characteristics such as gently sinuous
shapes in plan view, undulating long profiles with terminal adverse slopes, and varying cross-sectional
morphologies. The best explored examples of overdeepened structures are situated in and around the
European Alps and in the central European lowlands. Especially in the vicinity of the Alps, some
individual troughs are well explored, allowing for a reconstruction of their infill history, whereas only a
few detailed studies, notably such involving long drill core records, have been presented from northern
central Europe. We suggest that more such studies could significantly further our understanding of
subglacial erosion processes and the regional glaciation histories and aim to promote more intense
exchange and discussion between the respective scientific communities.

Kurzfassung: In den ehemals und gegenwärtig vergletscherten Regionen der Erde finden sich übertiefte Be-
ckenstrukturen, die üblicherweise als Übertiefungen oder Tunneltäler angesprochen werden. Die
Existenz dieser Tröge ist seit mehr als einem Jahrhundert bekannt, und sie wurden ähnlichen Erosi-
onsprozessen zugeschrieben, bei denen subglaziales Schmelzwasser eine entscheidende Rolle spielt.
Mit diesem Vergleich möchten wir zeigen, dass (Vorland-)Übertiefungen und Tunneltäler in ver-
gleichbaren Dimensionen auftreten, und eine Reihe weiterer gemeinsamer Merkmale aufweisen, zum
Beispiel sanft gewundene Längsachsen, undulierende Profile mit Gegensteigungen am distalen Ende,
und variable Formen im Querschnitt. Die bestuntersuchten Beispiele für übertiefte Becken befinden
sich im europäischen Alpenraum, und in zentraleuropäischen Tiefländern. Vor allem im Alpenraum
wurden einige übertiefte Strukturen detailliert untersucht, was eine Rekonstruktion ihrer Verfüllung
erlaubt. Im Gegensatz dazu existieren nur wenige (bohrungsbasierte) Detailstudien im nördlichen
Mitteleuropa. Wir betonen, dass solche Untersuchungen zu unserem Verständnis subglazialer Ero-
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sionsprozesse, aber auch regionaler Vergletscherungsgeschichten beitragen können, und möchten
Austausch und Diskussion unter den entsprechenden wissenschaftlichen Lagern anregen.

1 Introduction

The repeated glaciations during the Quaternary period
shaped large swathes of the earth’s surface, first, by eroding
and removing large rock masses from mountain areas and
other regions covered by ice; glacially polished bedrock sur-
faces and deep valley flanks are some of the most striking
features in this context. Second, the accumulation of rock
debris transported by ice and meltwater led to the formation
of characteristic landscape features such as moraine ridges
and gravel terraces. However, a third feature that represents
a combination of both erosive and aggradational processes
is less well known to a broader public: geological structures
deeply incised by subglacial erosion into pre-existing land-
scapes but hidden below the present land surface after being
filled up by sediment and/or occupied by large bodies of wa-
ter. First recognised within and around the European Alps as
well as below the central European lowlands, these troughs
are referred to as overdeepenings and tunnel valleys, respec-
tively.

While these structures have been known since the late 19th
century, for a long time they attracted relatively little sci-
entific attention as their investigation is costly due to the
fact that it requires the use of either deep drilling or geo-
physics – ideally a combination of both. Since the begin-
ning of the 21st century, scientific interest in glacially eroded,
and specifically overdeepened, structures increased consid-
erably, to some extent motivated by applied aspects. On the
one hand, these structures have a poorly explored potential
as groundwater sources and for geothermal energy produc-
tion. On the other hand, planning nuclear waste repositories
requires the identification of areas that will ideally not be af-
fected by deep glacial erosion in the near geological future
(i.e. the next million years), as this may challenge the intact-
ness of the disposal site.

Advances in geophysical techniques together with the in-
creased interest in glacially eroded structures have triggered
several projects into the subject during the past 2 decades
notably in the aforementioned areas in central Europe. These
can thus be regarded as the best explored regions with re-
gard to overdeepened structures and, due to their proximity,
should be subject to similar evolutionary trends over time.
However, there has been very limited exchange among the
communities working in and around the Alps and the north-
ern central European lowlands, respectively. This is in con-
trast to the common assumption that all these structures were
formed by similar erosion processes, and, hence, it should be
expected they share many similarities.

The aim of this article is to summarise and compare the
current knowledge about overdeepenings and tunnel valleys
in general but with special regard to the northern Alpine fore-
land and the wider North Sea area. This comparison is done
specifically in light of the question whether there are rele-
vant differences in the morphology and/or filling history of
these troughs or whether they are just different examples of
basically the same type of feature. We thus touch only lightly
upon the concepts of the erosion mechanisms that have been
intensively discussed by others (e.g. Alley et al., 2019; Cook
and Swift, 2012, and references therein).

2 History of recognition and state-of-the-art
research

The term “overdeepening” is attributed to Albrecht Penck,
one of the pioneers and most prominent representatives of
Alpine Quaternary geology. He used it to describe intensive
and deep-reaching glacial erosion focused in the main Alpine
trunk valleys whose valley floors lie significantly below their
off-cut tributaries (Penck and Brückner, 1909). The concept
of deep-reaching subglacial erosion had been subject to in-
tensive discussion (e.g. Heim, 1885) but was lastly confirmed
in 1908 by a tragic accident during tunnel works in central
Switzerland (Lötschberg), when blasting their way into an
infilled overdeepening ∼ 170 m below ground cost the lives
of 24 workers, as the liquefied valley infill flooded the tunnel
(Waltham, 2008). Over the following decades, boreholes and
geophysical data revealed the existence of such deep infilled
bedrock troughs below the majority of the present-day val-
leys not only in the Alps and the Alpine foreland (cf. Haeberli
et al., 2016; Preusser et al., 2010) but also in other moun-
tain regions on earth (e.g. Carrivick et al., 2016; Gao, 2011;
James et al., 2019; Magnússon et al., 2012; Smith, 2004).
First systematic compilations of these deeply incised fea-
tures were provided by Van Husen (1979) and Wildi (1984),
who noted that large sections of these troughs lie deeper
than the bedrock at the respective valley outlet. This closed
basin shape with a terminal adverse slope is today generally
regarded as defining an overdeepening (Alley et al., 2019;
Cook and Swift, 2012; Patton et al., 2016). Notably – but
not exclusively – in Switzerland, overdeepenings have since
been intensively studied based on scientific drillings (Hsü
and Kelts, 1984; Preusser et al., 2005; Schlüchter, 1989;
Schwenk et al., 2022), geophysical campaigns (Bandou et
al., 2022; Burschil et al., 2018, 2019; Finckh et al., 1984;
Nitsche et al., 2001; Reitner et al., 2010), or a combination
of both (Buechi et al., 2018; Dehnert et al., 2012; Gegg et
al., 2021; Pomper et al., 2017).
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The recognition of tunnel valleys goes similarly far back
in time, to the late 19th century, when Danish and north Ger-
man scholars identified deep subsurface troughs infilled with
Quaternary sediments or hosting lakes (cf. van der Vegt et
al., 2012). Jentzsch (1884) already hypothesised about an ori-
gin by subglacial fluvial erosion, a concept that was refined
by Ussing (1904), who attributed these troughs, characterised
by internal and terminal adverse slopes, to the action of pres-
surised subglacial meltwater. The model of Ussing (1904)
became increasingly widely accepted, and the “tunnel val-
leys” (Madsen, 1921) became a subject of increasing scien-
tific interest. Systematic regional-scale mapping and inves-
tigation started in the 1960s (e.g. Kuster and Meyer, 1979)
and was expanded to other regions such as Great Britain
(e.g. Woodland, 1970) and North America (e.g. Wright,
1973). Soon, the widespread availability of high-resolution
marine seismic data acquired for oil and gas exploration
marked a breakthrough in the recognition of tunnel valleys:
they were encountered in previously glaciated shelf areas all
around the world and could be temporally efficiently mapped
on reflection-seismic sections (Boyd et al., 1988; Destombes
et al., 1975; Kunst and Deze, 1985). Tunnel valley charac-
terisation made a second major leap forward with the es-
tablishment of 3D seismic acquisition (Praeg, 1997). Based
on these datasets, the longitudinal and transverse morphol-
ogy of individual structures can be imaged and analysed in
high detail and free from gaps (Kirkham et al., 2021; Kris-
tensen et al., 2008; Ottesen et al., 2020; Stewart et al., 2013).
Further insights derive from electromagnetic (e.g. Bosch et
al., 2009; Tezkan et al., 2009) as well as gravimetric stud-
ies (e.g. Barker and Harker, 1984; Götze et al., 2009), while
only little detailed borehole information is available (e.g. Pi-
otrowski, 1994).

3 Geological and glaciological settings

In extensively glaciated mountain ranges, such as the Eu-
ropean Alps, large overdeepenings occur in two endmem-
ber settings: in the major intermontane trunk valleys and
in the mountain forelands (Dürst Stucki and Schlunegger,
2013; Magrani et al., 2020; Preusser et al., 2010). Within
the mountain range, the bedrock is generally quite resilient
towards erosion (Kühni and Pfiffner, 2001), and glacial ero-
sion occurs preferentially along zones of weakness such as
faults (Dürst Stucki and Schlunegger, 2013). This is a self-
promoting process: with ongoing downcutting, drainage of
water and ice along the deepening valley becomes increas-
ingly efficient, and erosion is further focused on the valley
floor, the result being a spatially stable, deeply incised valley,
where ice flows comparatively rapidly and under strong lat-
eral confinement (Egholm et al., 2012; Herman et al., 2011;
Ugelvig et al., 2016). Glacial erosion sensu stricto, i.e. quar-
rying and abrasion, probably plays an important role in this
setting, aided by subglacial meltwater stripping debris off the

glacier base (Alley et al., 2019). It culminates in the forma-
tion of overdeepenings, for example at confluences or val-
ley constrictions where ice flow is accelerated (Cook and
Swift, 2012; Dürst Stucki and Schlunegger, 2013; Herman
et al., 2015; Preusser et al., 2010).

Foreland overdeepenings, in contrast, develop beneath the
piedmont tongues of valley glaciers. There, although its
large-scale pattern is defined by the locations of mountain
valley outlets, the ice flow is topographically much less con-
strained and potentially diffluent and the ice thickness is sig-
nificantly smaller (Bini et al., 2009), and as a result, glacial
erosion sensu stricto should be rather limited. However, with
increasing catchment area, basal water availability also in-
creases towards the glacier termini. This subglacial water,
pressurised by the englacial water column, is regarded as a
driver of overdeepening erosion in the foreland setting (Al-
ley et al., 1997; Dürst Stucki et al., 2010; Dürst Stucki and
Schlunegger, 2013; Gegg et al., 2021), where the bedrock
commonly consists of poorly consolidated Molasse-type sed-
iments (Kühni and Pfiffner, 2001). As these deposits are gen-
erally readily eroded, the occurrence of faults does not ap-
pear to play a significant role facilitating their erosion (Dürst
Stucki and Schlunegger, 2013; Gegg et al., 2021). With the
effect of structural preconditioning being low and ice flow
being largely unconfined, the focusing of subglacial erosion
may shift over time, evidenced for example by branching and
off-cutting overdeepened troughs (Buechi et al., 2018; Ell-
wanger et al., 2011).

The primary erosive agent of tunnel valleys is, by defi-
nition, inferred to be basal meltwater (Cofaigh, 1996; Ke-
hew et al., 2012; van der Vegt et al., 2012) at the margins
of continental-scale ice sheets, where topographical confine-
ment of ice flow is significantly lower than within mountain
ranges (Schoof and Hewitt, 2013). Still, discharge at ice sheet
margins is concentrated along ice streams, corridors of en-
hanced ice flow (Margold et al., 2015; Rignot et al., 2011)
that develop where basal meltwater abundance is high and fa-
cilitates tunnel valley incision (Jennings, 2006; Lelandais et
al., 2018). Further, where tunnel valleys occur near highland
areas, some lie distinctly in extension of fjord valleys that di-
rect the larger-scale flow pattern of ice and water (e.g. Brad-
well et al., 2008; Kearsey et al., 2019). Large tunnel val-
leys occur predominantly within rather soft sedimentary sub-
strata, while troughs in more resistant lithologies tend to be
smaller and narrower (Janszen et al., 2012; Jørgensen and
Sandersen, 2006). In resilient crystalline bedrock, tunnel val-
leys are typically lacking but are replaced by large-scale es-
ker systems that are interpreted to reflect meltwater streams
cut into the basal ice instead of the substratum (Boulton et
al., 2009; Clark and Walder, 1994).
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Figure 1. Foreland overdeepenings in central northern Switzer-
land highlighted as areas of increased Quaternary sediment thick-
ness. Data from Pietsch and Jordan (2014), Gegg et al. (2021), and
references therein. Black boxes highlight study areas mentioned
in the text: (a) Lower Aare Valley (Gegg et al., 2021), (b) Bir-
rfeld (Graf, 2009; Nitsche et al., 2001), (c) Lake Zurich (Lister,
1984a, b), (d) Richterswil (Wyssling, 2002), (e) Wehntal (Ansel-
metti et al., 2010; Dehnert et al., 2012), (f) Lower Glatt Valley
(Buechi et al., 2018), and (g) Uster (Wyssling and Wyssling, 1978).

4 Morphological comparisons

4.1 Large-scale morphologies

Foreland overdeepenings are up to 15 km wide and 850 m
deep bedrock incisions that reach lengths of > 100 km
(James et al., 2019; Magrani et al., 2020; Smith, 2004).
They have been described as slightly sinuous troughs that
may be arranged in seemingly anastomosing patterns (Fig. 1;
Dürst Stucki and Schlunegger, 2013; Preusser et al., 2010).
While some troughs have been re-excavated by multiple
phases of ice advance (e.g. Birrfeld overdeepening; Nitsche
et al., 2001; Lower Glatt Valley overdeepening; Buechi et
al., 2018), the focus of overdeepening has in other areas
laterally shifted over the course of several glaciations and
produced subparallel (e.g. Reuss Valley; Jordan, 2010) or
radially diverting branch basins (e.g. Lake Constance area;
Ellwanger et al., 2011). The spacing between individual
troughs is 5–20 km (Cummings et al., 2012; see also Jor-
dan, 2010), and their sinuosities are around 1.05–1.10 (Gegg
et al., 2021). In the longitudinal section, foreland overdeep-
enings often consist of several distinct sub-basins separated
by abrupt bedrock swells and terminating with mostly gentle
(∼ 1–2◦) adverse slopes (Jordan, 2010; Magrani et al., 2020;
Preusser et al., 2010). While typically shifted upstream in
intra-mountain overdeepenings, the deepest points in most
foreland overdeepenings lie roughly at their central position
(Magrani et al., 2020).

Tunnel valleys have maximum widths of ∼ 12 km and
maximum depths of ∼ 500 m and can be over 150 km long
(Cameron et al., 1987; Lutz et al., 2009; Praeg, 1997; Stew-
art et al., 2013). In plan view, they have straight to slightly
sinuous courses and can occur in swarms or in pseudo-
anastomosing (i.e. different branches of seemingly individ-
ual valleys belong to different generations of valley forma-
tion; Fig. 2; Jørgensen and Sandersen, 2006; Kristensen et
al., 2008), radiating or tributary networks (Cofaigh, 1996;
Kehew et al., 2012; van der Vegt et al., 2012). The lateral
spacing between individual structures typically ranges be-
tween 5 (Livingstone and Clark, 2016) and 20–30 km (Ke-
hew et al., 2012; van der Vegt et al., 2012), while Lutz et
al. (2009) specifically note that tunnel valleys are not uni-
formly distributed and may in some areas be lacking en-
tirely. According to data by Streuff et al. (2022), typical tun-
nel valley sinuosities are around 1.05. Tunnel valleys char-
acteristically start and terminate abruptly (with terminal ad-
verse slope angles in some cases exceeding 10◦; Kristensen
et al., 2008) and have undulating long courses comprising
sub-basins as well as steep thresholds (Cofaigh, 1996; Kris-
tensen et al., 2008; Lutz et al., 2009). The deepest points
along the thalweg frequently lie far downstream from the val-
ley centre (Jørgensen and Sandersen, 2006).

Based on datasets by Magrani et al. (2020) and Kristensen
et al. (2008), Swiss foreland overdeepenings tend on average
to be shorter, shallower, and narrower than Danish tunnel val-
leys, although only the difference in depth is statistically sig-
nificant (unequal-variance t tests; Fig. 3). It should be noted,
however, that the dataset by Kristensen et al. (2008) refers
only to a restricted area and that other studies in the North
Sea found tunnel valleys that generally tend to be shallower
(Andersen et al., 2012) and narrower (Jørgensen and Sander-
sen, 2006; Stewart et al., 2013). The overall size of tunnel
valleys as well as their form ratio appears to be influenced
mainly by the erosional resistance of the substratum, whereas
the valley width has been linked rather to glaciological pa-
rameters (e.g. ice thickness; van der Vegt et al., 2012). The
maximum size of foreland overdeepenings on the other hand
is clearly limited by the spatial extent of the respective pied-
mont glaciers, which were considerably smaller for example
in front of the Eastern or Southern Alps (or in other moun-
tain ranges) than in northern Switzerland (e.g. Preusser et
al., 2010). Still, the comparison shows that, although the cor-
responding ice masses differ vastly in size, the dimensions of
tunnel valleys and foreland overdeepenings are not necessar-
ily greatly different.

4.2 Detailed cross-sectional morphologies

Cross-sections of foreland overdeepenings are frequently
asymmetric and tend towards a U shape, but especially in
more resistant bedrock lithologies, steep-angled (up to 60◦)
V-shaped valleys have been observed (Fig. 4; Dürst Stucki
and Schlunegger, 2013; Jordan, 2010; Preusser et al., 2010),
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Figure 2. Buried tunnel valleys in northern Germany. Red lines mark, from NE to SW, the ice extents of the Weichselian, Saalian, and
Elsterian main glacial stages. Base map (Stackebrandt et al., 2001) courtesy of the Geological Survey of Brandenburg (Landesamt für
Bergbau, Geologie und Rohstoffe; LBGR), Germany (https://lbgr.brandenburg.de/lbgr/de/, last access: 5 November 2022), © LBGR 2001.

Figure 3. Comparison of lengths, depths, widths, and form ratios of Swiss foreland overdeepenings and North Sea tunnel valleys.

and both morphologies may occur within a single overdeep-
ening (Gegg et al., 2021). Recent highly resolved geophysi-
cal studies have further revealed irregular and stepped flanks.
The same morphologies are also encountered in tunnel val-
leys (Fig. 4). In a dataset comprising > 900 Danish tunnel
valleys, Andersen et al. (2012) identified ∼ 65 % of mainly
U-shaped or flat-bottomed and ∼ 35 % of V-shaped struc-
tures. Flank slopes vary between < 5◦ and > 55◦ (Cofaigh,
1996; Huuse and Lykke-Andersen, 2000), and van der Vegt
et al. (2012) mention examples of overhanging valley flanks.
Individual valleys exhibit downstream transitions in a cross-
section, for example, from a V to a U shape (Giglio et
al., 2022). In both cases, overdeepenings and tunnel val-
leys, U-shaped morphologies with flat valley bottoms may
be linked to lithological boundaries in the substratum (Gegg
et al., 2021; Janszen et al., 2012) but occur also where the
bedrock is seemingly rather homogeneous (e.g. Fig. 4a, d)

5 Post-erosional history

Concrete information regarding the sedimentary fill of
overdeepened structures is rather limited and is often derived
from commercial or geotechnical drillings. Under such cir-
cumstances, typically no explicit sedimentological descrip-
tions or even further reaching analyses (e.g. pollen anal-
yses, dating) have been carried out. As a result, for the
time being, detailed knowledge about the infilling history of
overdeepenings is limited to a few case studies. As stated
previously, a majority of detailed studies stem from central
Europe. This applies especially to the Alpine realm, while
fewer well-documented drillings exist for the North Sea re-
gion. There, the reconstruction of the sedimentary filling is
hence often based on the interpretation of 2D or 3D seis-
mic data that are frequently available from hydrocarbon ex-
ploration. We would like to highlight that although we fo-
cus on examples from central Europe, a variety of similar
case studies on overdeepened structures in other areas exist,
e.g. Iceland (Andrews et al., 2000; Gregory, 2012; Quillmann
et al., 2010), North America (Atkinson et al., 2013; Smith,
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Figure 4. Comparison of overdeepening (a–c) and tunnel valley (d–f) cross-sections. x axis: horizontal distance, y axis: depth (a–c)/two-way
travel time (d–f). VE: vertical exaggeration (dotted lines plot the respective cross-sections without vertical exaggeration). (a) Basadingen
trough, northern Switzerland (after Anselmetti et al., 2022; Brandt, 2020); (b) Tannwald basin, southern Germany (after Burschil et al., 2018);
(c) Gebenstorf-Stilli Trough, northern Switzerland (after Gegg et al., 2021); (d) offshore tunnel valley, southern North Sea (after Benvenuti
and Moscariello, 2016); (e) offshore tunnel valley, central North Sea (after Kirkham et al., 2021); (f) offshore tunnel valley, southeastern
North Sea (after Lohrberg et al., 2020). Note frequently occurring stepped valley flanks.

2004; Russell et al., 2003), Patagonia (Bertrand et al., 2017;
Boyd et al., 2008; Moernaut et al., 2009), and even regions
glaciated during the Palaeozoic (Clerc et al., 2013; Vesely et
al., 2021).

5.1 Examples from the northern Alpine foreland

A number of well-studied profiles exist in the greater Bern
area/Aare Valley, Switzerland (cf. Schlüchter, 1979). The se-
quence of Thalgut shows a complex deposition and erosion
history and is considered one of the most complete Quater-
nary sequences of the northern Alpine foreland (Schlüchter,
1989). The bottom part of the sequence is composed of lake
deposits with pollen spectra typical of the Holsteinian Inter-
glacial (Welten, 1982, 1988), usually attributed to Marine
Isotope Stage (MIS) 11 (424–374 ka; cf. Cohen and Gib-
bard, 2019). Hence, the formation (or re-excavation) of the
overdeepening likely occurred during MIS 12 (478–424 ka).
Close to the city of Bern, the Rehhag scientific drilling tar-
geted a tributary overdeepening feeding into the central Aare
Valley and recovered a diverse, 240 m thick Quaternary suc-
cession (Schwenk et al., 2022). It is subdivided into two basin
fill sequences of glacial and (glacio-)lacustrine deposits, the
upper being attributed to MIS 8–7 (300–191 ka). Just north
of Bern, the core of Meikirch starts with till, followed by a
70 m succession of lacustrine sediments comprising a com-
plex vegetation history with three pronounced warm phases
(Welten, 1982; Preusser et al., 2005). Based on lumines-
cence dating, this part of the sequence was assigned to MIS 7
(243–191 ka; Preusser et al., 2005). Above the lake deposits,
two successions from glaciofluvial to glacial deposits are
recorded. In the overdeepened lowermost Aare Valley, at the
confluence with Reuss and Limmat, the sediment filling is
dominated by lacustrine sand overlying a thin layer of coarse-
grained debris at the trough base (Gegg et al., 2021, and ref-
erences therein). Towards the distal part of the trough, the

glaciolacustrine sand interfingers with deltaic gravel. This
rather unusual infill pattern is most likely related to the lo-
cal confluence situation as well as the overdeepening’s nar-
row cross-section combined with large discharge of meltwa-
ter (see also Gegg et al., 2020). The Birrfeld basin in the
lower Reuss Valley contains a multiphase infill that has been
attributed to up to five different ice advances (Graf, 2009;
Nitsche et al., 2001).

At a water depth of 180 m, a drilling in Lake Zurich recov-
ered a thick succession of Late Pleistocene sediments start-
ing with coarse-grained debris interpreted as till and sub-
glacial outwash (Lister, 1984a, b). This debris is overlain
by > 100 m of diamictic glaciolacustrine muds that repeat-
edly show traces of glaciotectonic deformation. They tran-
sition into laminated, presumably varved, basin fines and
are followed by ∼ 30 m of postglacial lake deposits. The
complex filling of the Richterswil trough, west of Lake
Zurich, indicates deposition possibly related to three indi-
vidual glaciations, but this evidence lacks detailed sedimen-
tological and further analyses (Wyssling, 2002; Preusser et
al., 2010; Fig. 5).

Several cores taken from the Wehntal trough (Nieder-
weningen) show that the infill starts with glacial deposits fol-
lowed by lake sediments, first containing dropstones (Ansel-
metti et al., 2010; Dehnert et al., 2012). Increased shear
strength in the lacustrine deposits implies a second glacial
advance, grounding in the lake, followed by a final lake
and subsequent bog stage. According to luminescence dat-
ing, the carving of the basin occurred during early MIS 6
(around 185 ka), whereas the second ice advance is assigned
to ca. 140 ka.

In the Lower Glatt Valley, Buechi et al. (2018) distin-
guished up to nine separate depositional sequences within
the infills of the Kloten Trough and its branch basins, three
of which represent episodes of overdeepened basin fill. These
are characterised by successions of tills and gravel fining up-
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Figure 5. Examples of borehole-constrained sedimentary infills of a central Swiss foreland overdeepening (a: Richterswil trough; after
Wyssling, 2002, in Preusser et al., 2011) and a northern German tunnel valley (b: Bornhöved tunnel valley; after Piotrowski, 1994). VE: ver-
tical exaggeration.

wards into glaciodeltaic to glaciolacustrine deposits, the old-
est dating back to at least MIS 8 (300–243 ka). In the middle
part of the Glatt Valley, the > 200 m deep trough of Uster is
filled by till and partially covered by ice decay and meltwater
deposits, followed by laminated lake sediments with a thick-
ness of 100–150 m that are interpreted to represent varved
late-glacial deposits (Wyssling and Wyssling, 1978; Preusser
et al., 2011). The infill of the trough is covered by the de-
posits of one or possibly two later glacial advances.

In the Lake Constance area, Ellwanger et al. (2011) dis-
tinguish three major generations of overdeepenings, with the
drilling in the Tannwald basin being the best documented for
the time being (LGRB, 2015; Burschil et al., 2018; Ansel-
metti et al., 2022). This basin belongs to the oldest gener-
ation recognised so far. The sequence starts with sheared
allochthonous bedrock slabs on top of the bedrock con-
tact (Upper Marine Molasse), followed by gravel with mo-
lasse components and diamictic fines. The subsequent fine-

grained lacustrine deposits are correlated with a nearby se-
quence that contains pollen assemblages assigned to the Hol-
steinian (Ellwanger et al., 2011; Hahne et al., 2012). The up-
per part of the Tannwald core comprises evidence for fur-
ther glacial advances. In Lake Constance itself, as revealed
by seismic surveys, up to 150 m of sediment has accumu-
lated, the uppermost 24 m of which was recovered by a recent
drilling campaign (Schaller et al., 2022). It consists of 12 m
of coarse lacustrine sands of the late-glacial period, overlain
by Holocene basin fines.

The basin of Wolfratshausen in Bavaria reveals multiple
basal tills and lacustrine fines, evidence for a complex ero-
sion and infill history attributed to three individual glacia-
tions (Jerz, 1979). Fiebig et al. (2014) report a core taken in
the Salzach basin containing ∼ 90 m of lacustrine deposits,
sand and fines, on top of an Alpine till. Luminescence dating
of the lake deposits indicates that the initial formation and
filling of the overdeepened trough date to more than 220 ka.
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5.2 Examples from northern central Europe

While tunnel valleys have also been described from the
British Isles (e.g. Eyles and McCabe, 1989; Coughlan et
al., 2020) as well as Poland (e.g. Salamon and Mendecki,
2021), we are here concentrating on the southern North Sea
region including the bordering mainland (Denmark, northern
Germany, the Netherlands).

For the Bornhöved tunnel valley, Piotrowski (1994) recon-
structed a polygenetic evolution based on borehole evidence
(Fig. 5). This trough, situated in a peripheral sink between
two Permian salt diapirs, was presumably eroded during the
Elsterian Glaciation (MIS 12, 478–424 ka) and was filled by
fine-grained glaciolacustrine sediments during ice retreat and
marine sediments during the Holsteinian Interglacial. These
sediments were reworked and redeposited in the shape of a
200 m thick glaciotectonic melange by the first Saalian ad-
vance (MIS 10?, 374–337 ka). While the second Saalian ad-
vance had little impact, the tunnel valley was reactivated as
a subglacial channel during the last, Weichselian, glaciation.
In Vendsyssel, northern Denmark, tunnel valleys attributed
to the main Weichselian advance (ca. 23–21 ka) are infilled
by glaciolacustrine sand and fines (Sandersen et al., 2009).
This implies that these tunnel valleys not only have formed
rapidly but were also infilled in a few hundred years, or less,
before the late-glacial marine inundation (ca. 18 ka).

In the North Sea basin, over 2200 tunnel valleys attributed
to up to seven generations were identified using 3D seis-
mic and magnetic data (Stewart and Lonergan, 2011; Otte-
sen et al., 2020). It appears that each of the seven genera-
tions of tunnel valleys, attributed mostly to the Middle Pleis-
tocene, has been excavated and infilled during a separate cy-
cle of ice-sheet advance and retreat (as already suggested
by others, e.g. Kristensen et al., 2008), partially reaching
into the following interglacial (e.g. Hepp et al., 2012; Jan-
szen et al., 2013; Lang et al., 2015; Steinmetz et al., 2015).
Moreau and Huuse (2014) interpret the infill process of tun-
nel valleys off the shore of the Netherlands to be separate
from the incision. Rather than filled by subglacial deposits,
Moreau and Huuse (2014) expect the infill sediments were
supplied from the southeast by the Rhine–Meuse systems
which consistently flowed towards the North Sea basin dur-
ing glacial periods. This view has been challenged by Ben-
venuti et al. (2018) who inferred from provenance analysis
that the infill of a large Elsterian tunnel valley consists mainly
of reworked glacially derived sediment. This is in line with
observations by Kirkham et al. (2021) demonstrating that
over 40 % of the examined tunnel valleys in the North Sea
between Scotland and Norway contain buried glacial land-
forms such as eskers, crevasse-squeeze ridges, glaciotectonic
structures, and kettle holes. Hence, grounded ice must have
played an active role not only in the incision but also in the
(onsetting) infilling.

5.3 Synthesis

Fillings of overdeepenings in the northern Alpine foreland
are clearly dominated by glacial and proglacial deposits.
The typical sedimentary succession starts with glacigenic
diamicts that are frequently referred to as tills. However,
only a few studies (e.g. Buechi et al., 2017) investigated
these deposits in sufficient detail to clearly identify them
as subglacial ice-contact deposits (cf. Evans, 2007, and ref-
erences therein), and thus their palaeo-glaciological signif-
icance is often not clear. These diamicts are overlain by
extensive glaciolacustrine deposits, sands or fines, that at
their base frequently contain dropstones. In some basins,
several such infill cycles are recorded. Interglacial sedi-
ments are in most cases lacking or occur only near the
ground surface, known exceptions being the successions of
Thalgut, Meikirch, Uster, and Richterswil. This suggests that
overdeepened troughs are in most cases infilled and silted
up under still periglacial conditions, i.e. in a brief time in-
terval (cf. Van Husen, 1979; Pomper et al., 2017). In con-
trast, overdeepenings incised during the last glaciation host a
number of large and deep contemporaneous, i.e. interglacial,
lakes that have not yet been infilled completely (Fig. 6).
Whether this is due to exceptionally large basin sizes, com-
paratively small sediment influxes, or other geological or cli-
matic factors is difficult to assess.

The sediment filling of tunnel valleys and the related de-
positional processes in northern central Europe are less con-
strained and remain more poorly understood, although it
appears that interglacial sediments are more frequently ob-
served than in the Alpine realm. This could imply a longer
“lifetime” of tunnel valleys before being entirely infilled.
However, potential tunnel valleys of the last glaciation are
completely infilled (e.g. Sandersen et al., 2009) or at least in-
filled to an extent that does not allow the formation of deep
lakes anymore. While some large lakes also exist in the for-
merly glaciated areas of northern Germany and neighbouring
countries, they are significantly shallower than their Alpine
counterparts (Fig. 6); do not exhibit the typical elongated
plan view trough morphology; and might not be products of
overdeepening erosion at all but rather, for example, ice de-
cay structures.

6 Conclusions

Foreland overdeepenings and tunnel valleys are connected
to two very different types of ice masses but occur in gen-
erally similar palaeo-glaciological and topographic settings.
They are formed at the termini of large ice bodies, where ice
flow is little constrained, but the abundance of meltwater as
well as the ice surface slope, and thus the subglacial pressure
gradient towards the margin, are comparatively high. It is
this pressurised meltwater that the incision of the spectacular
subglacial landforms is mainly attributed to. Both foreland
overdeepenings and tunnel valleys share the same morpho-
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Figure 6. Comparison of mean (black) and maximum (red) depths
of large contemporaneous lakes in formerly glaciated areas in the
northern Alpine foreland and northern central Europe (Switzerland,
CH: BAFU, 2016; Germany, D: Nixdorf et al., 2004; Austria, A:
Beiwl and Mühlmann, 2008; Denmark, DK: 1Riemann and Hoff-
mann, 1991; Poland, PL: 2Czerniejewski et al., 2004; 3Robbins and
Jasinski, 1995).

logical characteristics, including anastomosing courses, un-
dulating longitudinal profiles with swells and adverse slopes,
and a variety of different cross-sectional shapes. And, per-
haps surprisingly, the absolute dimensions of both groups of
troughs also appear not to be significantly different from each
other.

However, a review of individual troughs and their fillings
in central Europe, where these structures have the longest
history of recognition and exploration, reveals some notable
disparities. In the northern Alpine foreland, multiple well-
studied cores exist that allow the characterisation of a typi-
cal overdeepening-fill succession in the shape of glacigenic
diamicts overlain by glaciolacustrine deposits. In contrast,
the infills of tunnel valleys and the related processes have
received only little attention and remain rather poorly un-
derstood. Further, while the Middle Pleistocene sedimentary

record would imply that foreland overdeepenings are more
quickly infilled and silted up than tunnel valleys (i.e. typi-
cally before interglacial conditions ensue), the characteristics
of present-day lakes suggest that the exact opposite has been
the case following the last glaciation.

Detailed borehole records are an important tool to better
characterise the formation and infilling process of overdeep-
enings and tunnel valleys (e.g. by process-oriented investi-
gations of the basal “tills”). This is the central objective of
the current International Scientific Continental Drilling Pro-
gram project Drilling Overdeepened Alpine Valleys (DOVE;
Anselmetti et al., 2022). Similar drilling projects targeting
tunnel valleys are in dire need in order to better under-
stand the overdeepening erosion and glaciation history of
northern central Europe. We would like to stress that ongo-
ing and future work of the respective scientific communities
may be significantly facilitated and improved by more inten-
sive exchange and discussion, as stimulated for example by
the “Subglaziale Rinnen” workshop. The relevance of this
exchange is highlighted by the socio-economic aspects of
overdeepenings and tunnel valleys, especially in the context
of radioactive waste disposal.
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