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Abstract: Erosion during potential future glaciations, especially the incision of deep tunnel valleys, is a major
challenge for the long-term safety of a radioactive waste repository. Tunnel valleys are a common
feature of formerly glaciated sedimentary basins and were incised by pressurised subglacial meltwa-
ter. Besides glaciological conditions, tunnel-valley formation depends strongly on the erodibility and
hydraulic conductivity of the substratum. In northern Germany, tunnel valleys formed during the Pleis-
tocene glaciations are widespread and may attain depths of almost 600 m. The Pleistocene record may
provide an indication for the potential regional distribution and maximum depth of future glaciogenic
erosion. We present a new overview map of the maximum depth of Pleistocene erosion in northern
Germany. Depth zones were extracted from the existing data and maps provided by the state geologi-
cal surveys. Based on the mapped depth zones, the potential for future tunnel-valley formation can be
assessed. The map may serve as a base to define a spatially variable additional depth that should be
added to the minimum depth of a repository required by legislation.

Kurzfassung: Erosion während möglicher zukünftiger Eiszeiten, insbesondere das Einschneiden tiefer subglazialer
Rinnen, ist eine große Herausforderung für die Langzeitsicherheit eines Endlagers für hochradioak-
tive Abfälle. Subglaziale Rinnen sind in ehemals vergletscherten Sedimentbecken weit verbreitet
und wurden durch subglaziales Schmelzwasser unter hohem Druck eingeschnitten. Außer durch
glaziologische Faktoren wird die Bildung subglazialer Rinnen stark durch die Erodierbarkeit und
die hydraulische Durchlässigkeit des Untergrundes bestimmt. In Norddeutschland sind pleistozäne
subglaziale Rinnen weit verbreitet und erreichen Tiefen von fast 600 m. Die pleistozäne Überliefer-
ung kann Hinweise auf die potenzielle regionale Verbreitung und maximale Tiefe zukünftiger glazi-
gener Erosion liefern. Wir stellen eine neue Übersichtskarte der maximalen pleistozänen Erosionstiefe
in Norddeutschland vor. Tiefenzonen wurden aus den existierenden Daten und Karten, die von den
Staatlichen geologischen Diensten zur Verfügung gestellt wurden, extrahiert. Anhand der kartierten
Tiefenzonen kann das Potenzial einer zukünftigen Bildung subglazialer Rinnen abgeschätzt werden.
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Die Karte kann als Grundlage zur Festlegung eines räumlich variablen Aufschlags zur gesetzlich
vorgeschriebenen Mindesttiefe eines Endlagers dienen.

1 Introduction

Tunnel valleys, although commonly no longer directly per-
ceptible at the surface, are among the most impressive land-
forms related to former glaciations. Tunnel valleys are in-
cised by pressurised meltwater beneath ice sheets and are an
important component of the subglacial hydrological system
(Kehew et al., 2012; van der Vegt et al., 2012). As overdeep-
ened erosional landforms, tunnel valleys form independently
of the regional base level and commonly reach depths of sev-
eral hundreds of metres. The deepest Pleistocene tunnel val-
ley in northern Germany, for example, has a depth of 554 m
below sea level (b.s.l.; Schulz, 2002; Müller and Obst, 2008).

Subglacial erosion during potential future glaciations is
a major challenge for the long-term safety of a repository
for radioactive waste in deep geological formations. Future
tunnel-valley incision is indirectly referred to as “intense ero-
sion caused by an ice age” in the German Site Selection
Act (StandAG, 2017). According to German legislation, the
safety of a repository for high-level radioactive waste must
be assessed for the next 1 million years (StandAG, 2017).
Within this period, up to 10 glaciations could occur that may
reach similar maximum extents as the Pleistocene glaciations
(Fischer et al., 2021). Therefore, the impact of potential fu-
ture glaciations on the safety of a repository must be con-
sidered. The Site Selection Act requires a minimum depth of
the upper boundary of the effective containment zone (ECZ)
of 300 m b.s.l. (StandAG, 2017). However, 300 m may be in-
sufficient to safeguard the effective containment zone against
the impact of deep subglacial erosion.

Assessing the potential for future tunnel-valley formation
and its impact on a repository requires a thorough under-
standing of the processes and controlling factors of tunnel-
valley formation. As the formation of tunnel valleys is con-
trolled not only by geological but also by glaciological and
climatic factors (Kehew et al., 2012; van der Vegt et al., 2012;
Kirkham et al., 2022), predicting future incision is a major
challenge. The dimensions and distribution of Pleistocene
tunnel valleys may provide indications for future glaciogenic
erosion. In this study, we describe a new approach to assess-
ing the potential for future tunnel-valley formation based on
the Pleistocene record. Our new approach is based on the
assessment of the zones of maximum depth of the tunnel val-
leys and aims to recommend a minimum depth of the up-
per boundary of the effective containment zone (300 m or
deeper), considering potential future tunnel-valley formation.

2 Processes of tunnel-valley formation

Tunnel valleys are characterised by undulating basal profiles,
abrupt terminations, steep flanks and infills dominated by
meltwater deposits (e.g. Kehew et al., 2012; van der Vegt et
al., 2012). Various processes have been invoked for tunnel-
valley formation, including erosion by meltwater, rivers or
glaciers in subglacial or proglacial environments. Erosion by
pressurised subglacial meltwater is now generally accepted
as being responsible for tunnel-valley formation (Wingfield,
1990; Ó Cofaigh, 1996; Huuse and Lykke-Andersen, 2000b;
Kehew et al., 2012; van der Vegt et al., 2012; Kirkham et
al., 2022).

Subglacial meltwater conduits are crucial features in the
drainage network of ice sheets, as the meltwater volumes
are too large to be evacuated by groundwater flow (Pi-
otrowski, 1997; Kehew et al., 2012). According to Clayton et
al. (1999), tunnel channels can be defined as subglacial melt-
water conduits with dimensions (width and depth) adapted
to bankfull discharge. Tunnel channels are characterised by
uniform dimensions along their course, lack tributaries and
can commonly be linked to specific palaeo-ice-margin po-
sitions (Clayton et al., 1999). In contrast, tunnel valleys are
higher-order, polyphase features, typically comprising mul-
tiple tunnel channels and their infills (Kehew et al., 2012).
However, due to the wide variety of tunnel valleys and their
infills, there is no single model that can explain all observa-
tions. Current models of tunnel-valley formation broadly fall
into two groups: (i) erosion by steady-state meltwater dis-
charge or (ii) erosion by sudden outbursts from meltwater
reservoirs (cf. Kehew et al., 2012; van der Vegt et al., 2012;
Kirkham et al., 2022).

– (i) Tunnel-valley formation by steady-state meltwater
discharge is a gradual process that requires the sub-
stratum of the ice sheet to be permeable, erodible and
poorly lithified (Boulton and Hindmarsh, 1987; Boul-
ton et al., 2009; Kehew et al., 2012; van der Vegt et
al., 2012; Kirkham et al., 2022). Incision is caused by
downcutting of subglacial tunnel channels that switch
laterally in space and time, forming an anastomosing or
anabranching pattern near the base of the evolving tun-
nel valley (Catania and Paola, 2001; Ravier et al., 2015;
Kirkham et al., 2022). Modelling results by Kirkham
et al. (2022) imply that the meltwater responsible for
tunnel-valley formation is mainly derived from melting
at the surface of the ice sheet. Tunnel-valley formation
is furthermore impacted by the interplay between sub-
glacial channelised meltwater discharge, groundwater
flow and remobilisation of the bed (Boulton and Hind-
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marsh, 1987; Piotrowski et al., 1999; Janszen et al.,
2013; Ravier et al., 2015). If the water pressure in the
subglacial conduits remains lower than in the substra-
tum, the pressure gradient causes a flow from the sub-
stratum into the conduits (Boulton et al., 2009). Creep-
ing of soft sediment into the evolving tunnel valley en-
larges incipient subglacial channels (Boulton and Hind-
marsh, 1987). If the pressure gradient becomes suffi-
ciently high, fluidisation of the substratum may occur
that strongly enhances erosion (Boulton et al., 2009;
Janszen et al., 2013). Vice versa, pressurised meltwa-
ter within a subglacial conduit may trigger hydrofractur-
ing in the substratum that also leads to sediment remo-
bilisation (Ravier et al., 2015). The water pressure be-
neath a warm-based ice sheet is highly variable in both
space and time (Piotrowski et al., 2004), and zones of
increased water pressure are prone to brecciation, liq-
uefaction and fluidisation, allowing for a remobilisation
of the subglacial bed and the gradual incision of tunnel
valleys (Janszen et al., 2013; Ravier et al., 2014, 2015).

– (ii) Outbursts of large volumes of stored meltwater with
high flow velocities and discharge rates are another
possible mechanism of tunnel-valley formation. Inci-
sion by meltwater outbursts is mainly related to retro-
grade erosion, causing the rapid enlargement of an ini-
tial meltwater pathway (Wingfield, 1990; Hooke and
Jennings, 2006). Different models exist on the mag-
nitudes, trigger mechanisms and recurrences of such
subglacial outburst floods. Outburst floods may be re-
sponsible for the formation of individual tunnel chan-
nels (Hooke and Jennings, 2006; Sandersen et al., 2009)
or tunnel valleys (Ehlers and Linke, 1989; Wingfield,
1990; Jørgensen and Sandersen, 2006). Meltwater stor-
age in subglacial lakes is controlled by the hydraulic
gradient, subglacial topography and the permeability of
the substratum (Shreve, 1972; Piotrowski, 1994). The
presence of permafrost, which lowers the permeabil-
ity of the substratum and allows for the accumulation
of meltwater reservoirs, is often considered a prereq-
uisite for subglacial meltwater-reservoir formation (Pi-
otrowski, 1994; Hooke and Jennings, 2006). Outbursts
of stored meltwater occur if the pressure in the meltwa-
ter reservoir exceeds the strength of the impermeable
substratum that forms the seal (Hooke and Jennings,
2006). Tunnel channels or valleys formed by meltwa-
ter outbursts afterwards serve as low-pressure meltwa-
ter conduits (Kehew et al., 2012). Episodic outbursts
along the same pathway will eventually form larger tun-
nel valleys comprising multiple cut-and-fill sequences
(Jørgensen and Sandersen, 2006).

Strong arguments exist both supporting and refuting the dif-
ferent models of tunnel-valley formation (cf. Ó Cofaigh,
1996; Kehew et al., 2012; van der Vegt et al., 2012; Kirkham
et al., 2022). The widespread occurrence of tunnel valleys,

however, suggests the existence of a common mechanism
for their formation. In most instances, a formative model
comprising quasi-steady-state meltwater discharge in com-
bination with small outbursts is applicable to explain tunnel-
valley formation (van der Vegt et al., 2012). In addition to
erosion by meltwater, tunnel-valley evolution may be af-
fected by erosion of the moving ice sheet and mass-wasting
processes, which may enlarge tunnel valleys or modify their
cross-sectional geometries and infills (Prins et al., 2020;
Kirkham et al., 2021, 2022).

Tunnel-valley fills may indicate repeated episodes of ero-
sion and deposition, which may relate to a single ice advance
or multiple ice advances or extend across multiple glacia-
tions (Piotrowski, 1994; Sandersen et al., 2009; Kirkham
et al., 2022). The incision of tunnel valleys by meltwater
is reflected by their infills, which are commonly dominated
by meltwater deposits. Typically, tunnel-valley fills may be
subdivided into synglacial and postglacial deposits (e.g. Pi-
otrowski, 1994; Huuse and Lykke-Andersen, 2000b; Lang et
al., 2012; van der Vegt et al., 2012; Janszen et al., 2013). Syn-
glacial deposits comprise subglacial and ice-contact deposits
formed during or immediately after incision and proglacial
successions deposited during ice-sheet retreat. Meltwater de-
posits typically display fining-upward trends due to depo-
sition at an increasing distance from the ice margin, with
fine-grained glaciomarine or glaciolacustrine deposits form-
ing the uppermost part of the synglacial successions. After
deglaciation, remnant tunnel valleys commonly form local
depocentres for postglacial marine, lacustrine or fluvial de-
position (Ehlers and Linke, 1989; Piotrowski, 1994; Lang et
al., 2012; Janszen et al., 2013; Lang et al., 2015; Steinmetz
et al., 2015).

3 Controlling factors of tunnel-valley formation

Tunnel-valley formation is controlled by glaciological and
geological factors. Glaciological factors include the thick-
ness and temperature of the ice sheet, which control the
availability and pressure of the meltwater. Furthermore, tun-
nel valleys develop broadly parallel to the ice-flow direction.
The geological control on tunnel-valley formation is mainly
exerted by the erodibility and hydraulic conductivity of the
substratum (Ó Cofaigh, 1996; Huuse and Lykke-Andersen,
2000b; Kehew et al., 2012; van der Vegt et al., 2012).

3.1 Substratum control

Tunnel valleys are generally restricted to areas with an eas-
ily erodible substratum as the infill of sedimentary basins.
In areas characterised by resistant (e.g. crystalline) bedrock,
eskers form instead of tunnel valleys (Boulton et al., 2009;
Kehew et al., 2012).

In northern central Europe, the highest density of Pleis-
tocene tunnel valleys and the deepest incisions occur in ar-
eas with thick, largely unlithified Cenozoic deposits (Hin-
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sch, 1979; Kuster and Meyer, 1979; Ehlers and Linke, 1989;
Stackebrandt et al., 2001; Stackebrandt, 2009; Lohrberg et
al., 2020; Ottesen et al., 2020). Tunnel valleys, which were
incised into more resistant (Mesozoic) rocks, are gener-
ally relatively shallow (Stackebrandt, 2009; Sandersen and
Jørgensen, 2012). According to Stackebrandt (2009), Pleis-
tocene tunnel valleys in northern Germany are concentrated
in the area of the subsiding basin axis of the North German
Basin, which was oriented approximately normal to the main
ice-advance directions.

Tunnel-valley formation also depends on the hydraulic
conductivity of the substratum. Initial subglacial incision
commonly occurs if the substratum is unable to drain melt-
water by groundwater flow, e.g. in areas of high meltwater
production or low-permeability substrata (Piotrowski, 1997;
Huuse and Lykke-Andersen, 2000b; Boulton et al., 2009;
Kehew et al., 2012; Sandersen and Jørgensen, 2012). A
layer-cake stratigraphy of high- and low-permeability strata
favours the build-up of high pressures in subglacial aquifers,
allowing for remobilisation of the sediment at the margins
of tunnel valleys (Janszen et al., 2013; Ravier et al., 2014;
Ravier et al., 2015).

3.2 Structural control

Faulting modifies the hydraulic conductivity and resistance
to erosion of the affected rocks, thus creating structural
weaknesses, which may act as preferential pathways of
tunnel-valley incision (Wenau and Alves, 2020; Sander-
sen and Jørgensen, 2022). Sandersen and Jørgensen (2022)
demonstrated a close correlation between the orientations of
faults and tunnel valleys in Denmark, suggesting that the lo-
cations of many tunnel valleys are fault controlled. However,
there are few studies showing a clear connection between
faults and the incision of tunnel valleys (e.g. Al Hseinat et
al., 2016; Wenau and Alves, 2020; Brandes et al., 2022). Fur-
thermore, Stackebrandt (2009) suggested that also the termi-
nations of tunnel valleys might be controlled by (neotecton-
ically active) faults based on the observation of the simulta-
neous beginning and ending of parallel tunnel valleys.

Different interpretations exist on the impact of salt struc-
tures on tunnel-valley formation, based on observations that
tunnel valleys may cross-cut, be parallel to or evade salt
structures. Some tunnel valleys cut across salt structures, cre-
stal faults and rim synclines without any perceptible interre-
lation (Grube, 1983; Ehlers and Linke, 1989; Sonntag and
Lippstreu, 2010). In other cases, tunnel-valley incision is in-
terpreted as having exploited pre-existing weaknesses related
to salt structures, such as crestal faults or depressions re-
lated to the subsurface dissolution of evaporites (Kuster and
Meyer, 1979; Ehlers and Linke, 1989; Huuse and Lykke-
Andersen, 2000b; Lang et al., 2014; Wenau and Alves,
2020). Based on the interpretation of 3D seismic data from
the southern North Sea, Wenau and Alves (2020) demon-
strated that some tunnel valleys follow the trend of under-

lying salt structures and their crestal graben faults. In con-
trast, Kristensen et al. (2007) mapped tunnel valleys that cir-
cle around salt diapirs. Such changes in tunnel-valley trends
may be explained by the uplift of more resistant sedimen-
tary rocks at the flanks of salt structures (Kuster and Meyer,
1979) or by hydrogeological changes near salt structures (Pi-
otrowski, 1997).

4 Pleistocene tunnel valleys in northern Germany

Northern Germany is one of the classic areas for tunnel-
valley research, and tunnel valleys are a common feature in
the areas that were covered by the Pleistocene ice sheets.
Three major glaciations referred to as the Middle Pleistocene
Elsterian and Saalian and the Late Pleistocene Weichselian
glaciations are well documented (e.g. Litt et al., 2007; Ehlers
et al., 2011). Pleistocene tunnel valleys in northern Germany
are several hundred metres deep; are several hundred metres
to a few kilometres, in extreme cases 8–12 km, wide; and can
be longer than 100 km (e.g. Kuster and Meyer, 1979; Ehlers
and Linke, 1989; Smed, 1998; Stackebrandt, 2009; Gegg and
Preusser, 2023, and references therein).

Deep tunnel valleys characterise the base of the Quater-
nary across northern Germany and are generally interpreted
as having formed during the Elsterian glaciation (Grube,
1979; Hinsch, 1979; Kuster and Meyer, 1979; Ehlers and
Linke, 1989; Stackebrandt, 2009). The major trend of the
tunnel valleys is north–south in northwestern Germany and
northeast–southwest in northeastern Germany, which is gen-
erally interpreted as pointing to different ice-advance direc-
tions and probably a temporal change in the ice-advance di-
rections (Ehlers and Linke, 1989; Stackebrandt, 2009). How-
ever, the tunnel valleys form a complex net-like anastomos-
ing pattern and the controls on tunnel-valley orientations
may be more complex. Major tunnel valleys display a reg-
ular spacing of 25 to 30 km (Stackebrandt, 2009). The deep-
est mapped Elsterian tunnel valley has a maximum depth
of 554 m b.s.l. (Schulz, 2002; Müller and Obst, 2008). The
deep ( > 200 m) Elsterian tunnel valleys were formed at a
distance of at least 100 km inside the former ice margin. Shal-
lower (< 100 m) Elsterian tunnel valleys are known from ar-
eas close to the former ice-marginal position (e.g. Eissmann,
2002; Lang et al., 2012).

In contrast to the many and deep Elsterian tunnel valleys,
Saalian tunnel valleys are generally considered rare (Pass-
chier et al., 2010). The few tunnel valleys that have been at-
tributed to the Saalian glaciation are commonly isolated and
shallow (< 100 m) features (e.g. Grube, 1979; Piotrowski,
1994; Piotrowski et al., 1999). Passchier et al. (2010) sug-
gested that the lack of Saalian tunnel valleys may be re-
lated to different glaciological and hydrogeological condi-
tions compared with the Elsterian glaciation. However, the
attribution of the majority of tunnel valleys to the Elsterian
glaciation is almost entirely based on lithostratigraphy.
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The Weichselian glaciation had a lesser maximum extent
than the Middle Pleistocene glaciations, covering only parts
of northern Germany (Ehlers et al., 2011). Weichselian tun-
nel valleys are shallower (< 100 m), shorter and narrower
than their Elsterian counterparts (Smed, 1998; Stackebrandt,
2009). Weichselian tunnel valleys are visible in the present-
day landscape as narrow depressions, commonly leading to
the formation of lakes. In some instances, Weichselian tun-
nel valleys can be linked to palaeo-ice-marginal positions and
outwash fans (Smed, 1998; Jørgensen and Sandersen, 2006).

5 Data

As a database for this study, maps and models showing
the base of the Quaternary provided by the state geological
surveys of Schleswig-Holstein, Hamburg, Bremen, Lower
Saxony, Saxony-Anhalt, Mecklenburg-Western Pomerania,
Brandenburg and Berlin were used (Table 1). Most of the
maps showing the base of the Quaternary were provided as
line shapefiles by the state geological surveys.

Currently, all northern German state geological surveys
are in the process of revising their base Quaternary maps
or creating 3D models of the medium-depth subsurface. The
results of new boreholes and geophysical investigations and
their interpretations will be used to update the maps of the
base Quaternary and adapt them to the current state of re-
search. However, the progress and planned completion dates
of the individual federal states vary, so it was decided to work
with the data that were available at the starting point of this
project.

The base Quaternary maps were used as the main input
data sets. The base of the Quaternary actually represents a
diachronous basal surface of glaciogenic erosion, which can
mostly be attributed to the Middle Pleistocene ice advances.
As the focus of this project is on the areas with the deepest
erosion, the investigations concentrate on the mapped tun-
nel valleys. For this purpose, the tunnel valleys were ex-
tracted from the respective base Quaternary maps of the fed-
eral states.

For data preparation, ArcMap (version 10.8.1) and ArcGIS
Pro (version 2.9.1) were used. Merging the depth-contour
maps of the individual federal states into a common map
proved a major challenge. The use of different data sets, res-
olutions and mapping approaches led to major discontinu-
ities at the state borders. Without data harmonisation and/or
reinterpretation of the border areas, the maps could not be
merged. However, such a reinterpretation was not possible
within the time frame of our project. Therefore, the data
for each federal state were considered individually in the
first step.

6 Methods

The focus of this study was on the evaluation of areas with
deep tunnel valleys. Therefore, the areas without clearly de-
fined tunnel valleys and with an erosion depth of less than
100 m were removed from the data sets. After this manual
processing, only the deep tunnel valleys remain visible on
the map (Fig. 1).

To further reduce the complexity of the base Quaternary
maps, a geographic information system (GIS) workflow was
developed to extract the thalweg lines of the tunnel valleys.
The GIS workflow made it possible to extract the deepest
points along the tunnel valleys. Details on the GIS workflow
are provided in the Supplement (Figs. S1 and S2). Based on
the map of the tunnel-valley thalwegs and their depths, zones
of similar maximum tunnel-valley depths were defined.

7 Results

Removing the areas from the base Quaternary maps that
are shallower than 100 m b.s.l. provides a comprehensive
overview of the Pleistocene tunnel-valley network (Fig. 1).
The deepest parts and southern terminations of the tunnel
valleys are both aligned in an approximately northwest–
southeast-trending zone.

The extracted thalweg map allows for an easier recogni-
tion of individual tunnel valleys and their respective depths
(Fig. 2). As each wide tunnel valley is now represented by a
line of defined depth (Fig. 2), it becomes easier to identify
zones of similar maximum depth (Fig. 3). Furthermore, the
thalweg lines will be intersected with other geological struc-
tures and units to analyse their relationships and potential
impact on the formation of the tunnel valleys in a subsequent
step of our project. The visual analysis of the data showed
that the tunnel valleys could be divided into five depth zones:
no tunnel valley deeper than 100 m, up to 200 m, up to 300 m,
up to 400 m and up to 600 m (Fig. 3), with the zone “no tun-
nel valley deeper than 100 m” extending to the maximum ice
margin. The transitions between the depth zones are always
placed at the terminations of the respective tunnel-valley sec-
tions and therefore occur abruptly. The depth zones of the
tunnel valleys display a clear northwest–southeast-trending
pattern. The deepest zone occurs in an area approximately
between Hamburg and Berlin (Fig. 3). Towards the northeast
and southwest, the maximum depths decrease successively.

8 Discussion

We developed an effective and timesaving method to extract
an overview map of the Pleistocene tunnel-valley network
from the available data sets. The focus of the new map is
on the distribution of the maximum depths rather than on
individual tunnel valleys and their geometries.
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Table 1. The input data (maps and models of the base of the Quaternary) for each federal state, with data type, scale, year of publication and
reference, as far as this information is known. “/” denotes no scale.

Data type Scale Publication date Reference

Schleswig-Holstein (SH) line shapefile 1 : 200 000 2016 provided by the geological survey
Hamburg (HH) surface (.ts) / 2018 provided by the geological survey
Bremen (HB) surface (.ts) / 2016 provided by the geological survey
Lower Saxony (NDS) line shapefile 1 : 500 000 2011 provided by the geological survey
Mecklenburg-Western Pomerania (MVP) line shapefile unknown 2002 Brückner-Röhling et al. (2002)
Saxony-Anhalt (SA) line shapefile 1 : 50 000 1993–2014 provided by the geological survey
Berlin and Brandenburg (BB) point shapefile 1 : 1 000 000 2010 Noack et al. (2010)

Figure 1. Map showing the digital elevation model (DEM) of northern Germany with a cell size of 50 m (© GeoBasis-DE/BKG) and a raster
of the tunnel valleys with a cell size of 100 m extracted from the base Quaternary data sets.

By calculating the thalweg lines, the map of the distri-
bution and maximum depths of the tunnel valleys becomes
much clearer and focussed on the major incisions (Fig. 2).
When interpreting the course of the thalweg lines, however,
it is important to bear in mind that the “Flow Accumulation”
tool is a hydrological tool that always searches for connec-
tions downslope. Although tunnel valleys represent former
drainage pathways, the tunnel-valley floors display undulat-
ing morphologies. This undulating morphology is character-
istic of tunnel valleys and caused by the flow of pressurised

water below an ice sheet (Kehew et al., 2012; van der Vegt
et al., 2012). The derived thalweg maps represent a simplifi-
cation of the complex tunnel-valley network. Therefore, the
map of the thalweg lines should always be considered in
combination with contoured depth maps, as otherwise the
continuity of the tunnel valleys is underestimated.

The ultimate aim of our research is to assess the long-term
safety of a repository for highly radioactive waste and, in
particular, effects on the integrity of the effective contain-
ment zone (ECZ). The deepest tunnel valleys attain depths
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Figure 2. Map showing the digital elevation model (DEM) of northern Germany with a cell size of 50 m (© GeoBasis-DE/BKG) and the
result of the thalweg extraction. The depths of the thalweg lines are colour-coded.

of more than 500 m (Fig. 3). Potential future erosion with
similar depths may thus pose a risk to the ECZ. However,
legislation only stipulates a required minimum depth of the
top of the ECZ of 300 m b.s.l. (StandAG, 2017).

The depths of Pleistocene tunnel valleys clearly exceed the
legally required minimum depth of 300 m. To minimise the
risk posed by future tunnel-valley formation, an additional
depth might be added to the minimum depth requirement.
The mapped depth zones can be used to guide the definition
of such an additional depth (Figs. 4 and 5).

The block diagram (Fig. 4) represents a schematic cross
section across the Pleistocene tunnel valleys of northern Ger-
many. Within the block diagram the geological bedrock is not
further divided and therefore consists only of preglacial rocks
and syn- and postglacial deposits. A dashed black line indi-
cates the legally required minimum depth (A) of the repos-
itory (300 m). The dashed red line represents the envelope
of the tunnel-valley bases. Deep tunnel valleys (> 100 m)
only occur near the maximum extent of the Pleistocene ice
sheets. The greater the distance from the maximum ice-sheet
extent, the greater the number and depth of the tunnel valleys.
The calculated depth zones of the tunnel valleys (Fig. 3) are
shown in the block diagram. Since the deepest tunnel valleys

in northern Germany have only been formed in a spatially
limited area, it is postulated that this will also be the case in
the future. In the central area with the greatest tunnel-valley
depths (up to 600 m), the final depth of the repository must
be significantly below the depth of the tunnel valleys.

It has long been observed that tunnel valleys tend to form
in certain areas that provide favourable conditions (e.g. Boul-
ton et al., 2009; Stackebrandt, 2009; Kehew et al., 2012).
Considering the depth and distribution of the tunnel valleys
together with the pre-Quaternary subcrop map (i.e. a map
without the Quaternary deposits; Fig. 5), it becomes clear
that the majority of, and deepest, tunnel valleys occur in the
central area of the basin, where poorly lithified and easily
erodible Neogene sediments of the Pliocene and Miocene un-
derlie the Quaternary deposits. In northeastern Mecklenburg-
Western Pomerania, where more resistant Jurassic and Cre-
taceous rocks underlie the Quaternary deposits, significantly
fewer and shallower tunnel valleys (Fig. 5) are present. Fig-
ure 6 shows the depth to near the base of the Cenozoic suc-
cession (top Danian Chalk Group; Doornenbal and Steven-
son, 2010) together with the tunnel-valley thalwegs. For clar-
ity, only thalweg depths greater than 200 m are shown. The
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Figure 3. Map showing the analysed depth zones of the tunnel valleys defined from the spatial distribution of the thalweg depths. Five
different depth zones were defined.

Figure 4. Block diagram showing a schematic section across the
five zones of tunnel-valley depths.

map can be regarded as an approximate thickness map of the
Cenozoic succession.

The greatest depths of the tunnel-valley thalwegs are
reached in the central basin area where the thickness of the
Cenozoic sediments is highest. The location of the basin cen-
tre correlates with the majority of the deep tunnel valleys be-
tween 200 and 558 m b.s.l. (Fig. 6). The Palaeogene and Neo-
gene units consist mainly of poorly lithified sands, silts and
clays (Doornenbal and Stevenson, 2010). The greater erodi-

bility of the poorly lithified sediments most likely favoured
deep tunnel-valley incision (cf. Stackebrandt, 2009; Kehew
et al., 2012).

Deep glaciogenic erosion is also caused by the formation
of basins associated with glaciotectonic thrust complexes.
Basins are formed beneath the ice sheet where thrust sheets
are removed and transported to the ice margin to form glacio-
tectonic ridges (van der Wateren, 1995; Huuse and Lykke-
Andersen, 2000a; Aber and Ber, 2007). Individual thrust
sheets can be up to 250 m thick and can be transported
for several kilometres (Kupetz, 1997; Huuse and Lykke-
Andersen, 2000a; Winsemann et al., 2020). The depth of the
basins and the thickness of the thrust sheets are controlled by
the depth of the detachment, which typically consists of me-
chanically weak beds of clay, chalk or organic-rich sediments
(Huuse and Lykke-Andersen, 2000a; Andersen et al., 2005;
Aber and Ber, 2007). Detachments may occur in depths of
up to 350 m (Huuse and Lykke-Andersen, 2000a; Aber and
Ber, 2007). In northern Germany, glaciotectonic complexes
with associated basins have formed during all major ice ad-
vances (Meyer, 1987; Van Der Wateren, 1995; Kupetz, 1997;
Winsemann et al., 2020; Gehrmann et al., 2022). Glaciotec-
tonic basins attain maximum depths between 120 and 290 m
(Kupetz, 1997; Winsemann et al., 2020). However, as these
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Figure 5. Pre-Quaternary subcrop map (i.e. a map without the Quaternary deposits), which is a combination of the pre-Quaternary subcrop
map of the Gorleben project (Brückner-Röhling et al., 2002) and the pre-Quaternary subcrop map of Mecklenburg-Western Pomerania at
1 : 500 000 (Schütze, 2006) and the pre-Quaternary subcrop map of Brandenburg from the Atlas zur Geologie von Brandenburg (Stackebrandt
et al., 2010) at 1 : 1 000 000.

Figure 6. Map showing the near base of the Cenozoic (top Danian Chalk Group) derived from the Southern Permian Basin Atlas (Doornenbal
and Stevenson, 2010). The green lines show the thalweg lines of the tunnel valleys with depths ranging from 200 to 558 m.
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basins are shallower than many tunnel valleys, they are not
clearly visible on most maps of the base Quaternary.

Predicting future tunnel-valley formation is extremely
challenging due to the complex glaciological and geologi-
cal factors controlling tunnel-valley formation. The analysis
of the Pleistocene record provides valuable insights into the
patterns of tunnel-valley formation that will apply to the fu-
ture processes. It seems plausible that areas where deep inci-
sion occurred during the Pleistocene glaciations may also be
affected by future glaciogenic erosion. The favourable con-
ditions for tunnel-valley formation are related to the over-
all regional geological setting, e.g. the setting in a sedimen-
tary basin filled by poorly lithified and erodible deposits.
The overall geological setting is unlikely to undergo ma-
jor changes in the next 100 000 to 1 000 000 years. How-
ever, glaciations will strongly modify the morphology and
near-surface geology. Therefore, in the case of multiple fu-
ture glaciations, an assessment of potential tunnel-valley for-
mation becomes even more challenging. Furthermore, multi-
ple occupations of tunnel valleys may occur (e.g. Piotrowski,
1994; Jørgensen and Sandersen, 2006) and a reactivation of
tunnel valleys during future glaciations cannot be ruled out.

For the recommendation of the depth zones, several as-
sumptions need to be made with regard to (i) the available
data of the study area, (ii) maximum tunnel-valley depths
and (iii) the extent of future glaciations. The study area is
sufficiently well explored, and maps of the existing tunnel
valleys are available from the state geological surveys and
other publications. The source data are very heterogeneous,
with regional and local variations, as the published maps of
the base Quaternary have been under constant revision since
the 1970s. The overall density of data in the study area is very
high, and we can assume that no major structures have been
overlooked that would change the observed broad trends.
However, new details of the Pleistocene tunnel-valley net-
work are still being revealed by ongoing mapping (e.g. Hese
et al., 2021; Bruns et al., 2022; Lohrberg et al., 2022a, b).
With maximum depths of 554 m b.s.l., the tunnel valleys in
northern Germany are among the deepest known tunnel val-
leys (Schulz, 2002; Müller and Obst, 2008; Stackebrandt,
2009). Similar extreme depths are known from the Nether-
lands (ten Veen, 2015) and the continental shelf off the east
coast of North America (Macrae and Christians, 2013). How-
ever, the vast majority of tunnel valleys are shallower than
400 m (Kehew et al., 2012; van der Vegt et al., 2012; Otte-
sen et al., 2020). Therefore, very deep tunnel valleys can be
considered extreme examples formed under favourable con-
ditions. Future research should investigate these favourable
conditions in more detail. A similar assumption applies to the
potential extent of future glaciations, where the well-studied
Pleistocene ice-sheet extents (e.g. Ehlers et al., 2011; Batche-
lor et al., 2019) serve as analogues for probable future glacial
limits.

9 Conclusions

Subglacial tunnel valleys are among the deepest erosional
landforms and are ubiquitous features of formerly glaciated
sedimentary basins. Tunnel valleys are incised by pressurised
meltwater and are thus formed independently of any regional
base level. In addition to glaciological factors, tunnel-valley
formation is strongly controlled by the geology of the sub-
stratum. The main geological controls are the resistance to
erosion and the hydraulic conductivity.

Tunnel-valley formation during potential future glacia-
tions needs to be included in the long-term safety assessment
of radioactive waste repositories. As prediction of the loca-
tion of future tunnel valleys is a major challenge, the new
depth-zonation map provides a straightforward approach to
assessing the potential for tunnel-valley formation based on
the Pleistocene record. When recommending the minimum
depth for a repository, the geology of the substratum should
also be considered and its potential impact on tunnel-valley
formation assessed.
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