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ARTICLE INFO ABSTRACT

Editor: Michele Rebesco Tunnel valleys are widespread in formerly glaciated regions such as the North Sea and record sediment transport
beneath ice sheets undergoing deglaciation. However, their complex infill architecture often makes their im-
plications for ice-sheet processes difficult to unravel. Here, we use high resolution 3D (HR3D) seismic-reflection
data, improved-resolution conventional 3D seismic-reflection data, and geotechnical information from industry-

acquired boreholes to image the infill architecture of buried Quaternary tunnel valleys in the North Sea in un-
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Meltwat . . .

etwater precedented detail. Ten cross-cutting generations of tunnel valleys are mapped beneath the seafloor of the North
Deglaciation . . R . .
Ice sheets Sea where only seven were visible previously. Each generation of tunnel valleys potentially reflects a different
North Sea glaciation, although our evidence may imply that it is possible to rapidly erode and infill multiple generations of

tunnel valleys within a single glacial cycle. The infill of the oldest tunnel valley generations reflects sedimen-
tation during relatively gradual ice-sheet retreat, with occasional episodes of overriding by re-advancing
grounded ice. Tunnel valleys formed in more recent glaciations are characterised by more variable sedimenta-
tion patterns that reflect dynamic fluctuations of the ice margin, including readvances and stagnation, during
valley filling and ice retreat. Numerous subglacial landforms are also imaged within the tunnel valleys; these
sometimes contain shallow gas accumulations that represent geohazards for seafloor infrastructure installations.
In addition, we document examples where salt diapirism has caused fluids to migrate upwards from depth
through faults and into the near-surface tunnel valleys. In instances where this occurs, the relatively porous and
often highly continuous subglacial landforms present within their infill may allow these fluids to spread laterally
for kilometres or even escape from the seafloor; it is therefore important to consider tunnel valleys when
monitoring possible CO; leakage from carbon capture and storage efforts.

1. Introduction

Tunnel valleys represent a record of water flow, glacial erosion and
sediment transport beneath ice sheets, particularly during deglacial
phases. Obtaining a better understanding of the processes involved in
tunnel valley formation is important as it may help to improve the
parameterisation of melt rates, water routing and the interplay between
basal hydrology and ice dynamics in numerical ice-sheet models under

extreme melt conditions. Their location can also be used to reconstruct
the position of former ice-sheet margins (e.g., Ehlers et al., 1984; Huuse
and Lykke-Andersen, 2000b; Stewart et al., 2013). Tunnel valleys are
important reservoirs of water, ore minerals and hydrocarbons; their
variable infill can produce difficulties when interpreting seismic profiles
of the subsurface (Kristensen and Huuse, 2012; Frahm et al., 2020;
Warwel et al., 2022) and sometimes contains shallow gas accumulations
which represent geohazards to drilling and increases the risks associated
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with installing seabed infrastructure (Lohrberg et al., 2020; Ottesen
et al., 2020). In addition, the large dimensions of tunnel valleys (kilo-
metres wide and hundreds of metres deep) allow them to capture
potentially long-lived sedimentary successions that may otherwise be
eroded or reworked by overriding glaciers on land, so they may contain
valuable and potentially continuous records of sedimentary depositional
history in otherwise poor preservation settings (Hepp et al., 2012; Huuse
et al., 2012; Lang et al., 2012; Steinmetz et al., 2015; Coughlan et al.,
2018). Obtaining a complete understanding of the processes responsible
for tunnel valley formation is also important when planning the loca-
tions of deep geological repositories for nuclear waste in regions which
may become glaciated again in the future (Iverson and Person, 2012;
Beaud et al., 2016; Breuer et al., 2023).

Despite over a century of research, tunnel valleys remain relatively
enigmatic glacial features because very few modern analogues for them
exist beneath extant ice sheets. Whilst their geographical distribution
and dimensions are relatively well known (van der Vegt et al., 2012;
Ottesen et al., 2020), and recent advances have been made in under-
standing the manner and timescales over which tunnel valleys form
(Beaud et al., 2018; Giglio et al., 2021; Kirkham et al., 2021; Kirkham
et al., 2022), the processes responsible for their infilling remain poorly
constrained. The age of tunnel valley infill deposits is also often difficult
to assess due to reworking or a lack of datable material with which the
age of the infill can be calculated (Ehlers and Linke, 1989; Praeg, 2003).

The internal infill lithologies and sedimentary architectures of tunnel
valleys are notoriously complex as they can reflect a range of sedi-
mentary and erosional processes that occurred during both glacial and
post-glacial times (Kehew et al., 2012; Atkinson et al., 2013). Tunnel
valley infill sequences are often separated into base (primary) and upper
(secondary) fill units. The basal fill is typically glaciogenic in origin and
often contains diamictons (Ehlers and Linke, 1989; van der Vegt et al.,
2012) or massive gravels and sands which may have been deposited in a
subglacial or ice-proximal setting (Ehlers and Linke, 1989; Ghienne and
Deynoux, 1998; Le Heron et al., 2004). Secondary fill sequences are
generally more varied and may comprise outwash fans and glaciofluvial
deposits expelled at the margin of a receding ice sheet, or turbidity-
current sequences deposited in proglacial lacustrine or marine envi-
ronments (Ehlers et al., 1984; Ehlers and Linke, 1989; Janszen et al.,
2012a; Kehew et al., 2012; Steinmetz et al., 2015). Laminated clays and
silts deposited in more distal glaciomarine or glaciolacustrine environ-
ments are also commonly observed within the secondary fill sequence.

The infill of tunnel valleys is thus extremely diverse and varies ac-
cording to the subglacial sedimentary processes active at that location,
the amount and type of sediment load transported by the ice, and the
interplay between ice movement, melting and grounding, as well as
other post-glacial depositional processes. Genetic models of tunnel val-
ley infill are therefore difficult to formulate in a manner which fulfils
their diverse range of stratigraphic observations, and those which do
exist often contrast. For example, van der Vegt et al. (2012) proposed a
model in which the infill of tunnel valleys relates to their available ac-
commodation space: smaller tunnel valleys are more likely to become
entirely filled by glacial sediments, whereas larger valleys would be
filled by sequences of ice-proximal followed by ice-distal sediments as
the ice margin retreated away from the freshly cut channels. Other
models attempt to explain the complex infill of tunnel valleys by mul-
tiple erosion and filling events, potentially beneath different ice sheets,
with stagnant ice protecting portions of the valleys during retreat
(Jorgensen and Sandersen, 2006); however, this model is less applicable
in locations where clear upward fining sequences are evident. The lack
of clarity about the processes involved in infilling tunnel valleys hinders
their use as a resource to understand inaccessible subglacial processes
operating beneath contemporary ice sheets, whilst the absence of a
predictable infill model makes it difficult to plan for near-surface
infrastructure installation in regions where tunnel valleys are present.

In this study, we exploit the wealth of high-resolution data from the
North Sea — one of the most data-rich formerly glaciated environments
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on Earth — to quantify the complex patterns of tunnel valley infill in this
region and explore their implications for ice-sheet processes, near-
surface geohazards, and assess whether tunnel valleys need to be
considered when monitoring potential leakage from carbon capture and
storage efforts. We find that although the patterns of tunnel valley infill
in this region are highly complex, the use of state-of-the-art high-reso-
lution 3D (HR3D) seismic data permits a number of subtle patterns to be
drawn out which inform about the processes of sedimentation beneath
deglaciating ice sheets. Delicate subglacial landforms such as eskers and
crevasse-squeeze ridges are imaged within the tunnel valleys and imply
that tunnel valley formation is linked to dynamic ice-sheet behaviour in
areas where meltwater production rates are high. These subglacial
landforms may sometimes represent geohazards to seafloor infrastruc-
ture installations due to their ability to host shallow gas accumulations,
and may impact carbon storage through creating imaging artefacts that
complicate containment risk assessments and by creating preferential
pathways through which escaped CO, could leak or escape through the
seafloor. Our new data also reveals a number of new tunnel valley
generations (10) which exceeds the maximum number mapped in pre-
vious studies (7). If, as previous studies have concluded, all of the tunnel
valleys in the North Sea formed since Marine Isotope Stage 12 (MIS 12),
our results indicate that more than one generation of tunnel valleys can
form within a single glacial stage — pointing towards a more complex
glacial history of western Europe than previously recognised.

2. Regional setting

The North Sea is a shallow epicontinental sea surrounded by the
northwest European, Scandinavian and British landmasses with typical
present-day water depths of ~30-150 m (excluding the Norwegian
Channel, which is up to 700 m deep) (Fig. 1A). The North Sea Basin
formed by lithospheric extension from the Paleozoic to Early Cretaceous
(Ziegler, 1990, 1992) and contains up to three kilometres of sediments
deposited throughout most of the Cenozoic Era (the last 65 Ma),
including a sedimentary sequence up to 1000 m thick and ~ 140,000
km? in volume deposited during the Quaternary (2.6 Ma onwards)
(Lamb et al., 2018; Ottesen et al., 2018). These sediments constitute a
vast archive of past environmental conditions, including the build-up,
advance and retreat of the Quaternary ice sheets around and into the
basin (e.g., Cameron et al., 1987; Huuse and Lykke-Andersen, 2000b;
Anell et al., 2012; Lamb et al., 2018; Ottesen et al., 2018; Rea et al.,
2018).

The North Sea Basin has been glacially influenced discontinuously
throughout most of the Quaternary (Ottesen et al., 2018). Evidence from
sediment cores collected in the northern North Sea demonstrates that ice
rafted debris transported by icebergs has been present since ~2.7 Ma
(Eidvin and Rundberg, 2001; Ottesen et al., 2009), and iceberg
ploughmarks have been imaged using seismic reflection data in buried
surfaces dated to ~2 Ma in the central and southern part of the basin
(Dowdeswell and Ottesen, 2013; Rea et al., 2018). Mega-scale glacial
lineations, which are formed subglacially at the base of fast-flowing ice
streams (e.g., Clark, 1993), have been observed in buried surfaces dating
back to 1.87 Ma (Graham et al., 2010; Buckley, 2012; Rea et al., 2018);
these lineations provide the earliest date that grounded ice could have
advanced into the centre of the North Sea Basin.

During the early Quaternary, two largely independent depocentres
developed in the northern and central-southern regions of the North Sea
Basin. Fluvio-deltaic and pro-deltaic sediments derived from European
and Scandinavian rivers infilled the southern sub-basin by around
1.6-1.7 Ma (Ottesen et al., 2014; Ottesen et al., 2018). The northern sub-
basin of the early Quaternary North Sea Basin was infilled in a clockwise
direction by prograding glacigenic debris-flows sourced from ice sheets
on the Norwegian mainland (Ottesen et al., 2014; Batchelor et al., 2017;
Ottesen et al., 2018; Lgseth et al., 2020). Significant quantities of fluvio-
deltaic sediment were also delivered to the northern sub-basin from the
East Shetland Platform during this time (Batchelor et al., 2021). The
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Fig. 1. Study area. (A) Distribution of tunnel valleys in the North Sea and surrounding landmasses (van der Vegt et al., 2012; Ottesen et al., 2020), and meltwater
channels on the UK mainland (Clark et al., 2018). Best estimate former ice-margin positions for the Last Glacial Maximum (MIS 2), Saalian Glaciation (MIS 10-6), and
Elsterian Glaciation (MIS 12) are shown from Batchelor et al. (2019). Regional bathymetry is from GEBCO (https://www.gebco.net). (B) Distribution of tunnel
valleys in the central North Sea displaying the locations of the study areas examined in relation to the conventional 3D seismic data (PGS Central North Sea
MegasurveyPlus; yellow polygon), high-resolution 3D seismic datasets (orange squares), ultra-high resolution 2D seismic datasets (purple squares), and boreholes
(red circles) used in this study. The location of the regional 2D seismic line across the North Sea Basin displayed in Fig. 2 is shown. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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deepest, central part of the North Sea Basin was the last area of the basin
to be infilled and persisted until around 1 Ma (Ottesen et al., 2018;
Lgseth et al., 2022). The infilling of the North Sea Basin enabled the
confluence of the Scandinavian and British-Irish ice sheets and encour-
aged the initiation of the Norwegian Channel Ice Stream at ~1-0.8 Ma
(Sejrup et al., 1995; Ottesen et al., 2014; Batchelor et al., 2017),
although recent seismic-stratigraphic evidence suggests that the Nor-
wegian Channel Ice Stream may have initiated much later (~0.35 Ma)
(Loseth et al., 2022). This major northward flowing ice stream eroded a
significant proportion of the Early Pleistocene sediments deposited in
the North Sea Basin, in addition to transporting large volumes of sedi-
ment eroded from terrestrial southern Norway and Sweden (Hjelstuen
et al.,, 2012; Ottesen et al., 2016), and delivered a large amount of
sediment to the North Sea trough-mouth fan, forming an Upper Regional
Unconformity (URU) across much of the continental shelf (Nygard et al.,
2005; Lgseth et al., 2022) (Fig. 2).

Glacial influence in the central North Sea intensified around the time
of the Middle Pleistocene Transition (~1 Ma) when the dominant orbital
pacing of climate switched from the previously dominant 41 ka ‘oblig-
uity’ cycle to the 100 ka ‘eccentricity’ cycle (Clark et al., 2006). This
transition is recorded in the North Sea geological record by the sub-
stantial expansion of British-Irish and Scandinavian ice sheets into the
North Sea Basin (Lee et al., 2012). However, the age and extent of many
of these Middle Pleistocene glaciations remains ambiguous, particularly
in the southern North Sea, due to the use of different approaches to
construct relative stratigraphic frameworks, difficulties correlating
stratigraphic models across national boundaries and between terrestrial
and offshore records, and the limitations of geochronological methods
(e.g., Ehlers et al., 1984; Laban, 1995; Vandenberghe, 2000; Clark et al.,
2004; Rose, 2009; Lee et al., 2012).

Seismic stratigraphy correlated to ocean drilling records demon-
strate that the Fennoscandian Ice Sheet advanced to the shelf break of
the North Sea during MIS 14 (524-565 ka before present; BP), MIS 12
(~478-424 ka BP), MIS 10 (339-362 ka BP), MIS 6 (128-186 ka BP) and
MIS 2 (~15-22 ka BP), and advanced to the inner shelf during MIS 8
(245-303 ka BP) (Dahlgren et al., 2002; Lgseth et al., 2022). In contrast,
the British-Irish Ice Sheet first expanded to the shelf edge in MIS 12,
coalescing with the Fennoscandian Ice Sheet and advancing southward
to reach a position close to the present-day coastlines of the Netherlands
and East Anglia, UK (Fig. 1A). This glacial advance is documented in the
North Sea by a widespread glacial erosion surface, tunnel valleys, and
the infrequent presence of diamicton; similar geological markers also
exist for MIS 12 within Denmark, the Netherlands, and Germany
(Wingfield, 1990; Lang et al., 2012; Lee et al., 2012; Roskosch et al.,
2015; Winsemann et al., 2020). Evidence for the expansion of the
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British-Irish Ice Sheet into the North Sea Basin during MIS 10 is more
ambiguous, with differing chronological and stratigraphical in-
terpretations proposed for the same data (Hamblin et al., 2005; Pawley
et al., 2008; Rose, 2009). A similar maximum ice position to MIS 12 was
attained during MIS 10-6, with regular shelf-edge expansions of the
British-Irish and Fennoscandian ice masses along the European conti-
nental margin, the continued excavation of the Norwegian Channel by
the Norwegian Channel Ice Stream, and the deposition of extensive
glacial deposits and landforms in the southern North Sea (Ehlers, 1990;
Sejrup et al., 1994; Sejrup et al., 1995; Nygéard et al., 2005; Lee et al.,
2012; Roskosch et al., 2015; Winsemann et al., 2020; Lgseth et al.,
2022). Ice was slightly less extensive during MIS 5d-2, extending only as
far as northern Denmark and covering the southern central North Sea
during the Last Glacial Maximum (MIS 2) (Ehlers, 1990; Ehlers and
Wingfield, 1991).

Traditionally, discrete sets of tunnel valleys identified both onshore
and incised into the relatively flat-lying middle to late Quaternary sed-
iments offshore have been used to approximate former ice sheet extents
and categorise the complex record of North Sea glacial history into three
major glaciations: the Elsterian (MIS 12), the Saalian (MIS 10-6), and
the Weichselian (MIS 5d-2) (Cameron et al., 1987; Wingfield, 1989,
1990; Ehlers and Wingfield, 1991; Praeg, 2003). In this three-stage
glaciation model, the largest and most widespread tunnel valleys in
the North Sea are generally associated with the Elsterian Glaciation,
especially in the southern North Sea and adjacent land areas. Tunnel
valleys are attributed to this time period based mainly on their large
size, which may have been facilitated by the lack of stiff tills encoun-
tered by the ice as it advanced over the substrate for the first time
(Passchier et al., 2010). These valleys are infilled with late Elsterian
Lauenburg Clay and Holsteinian interglacial deposits, which are similar
to deposits in other Elsterian tunnel valleys in Denmark and northern
Germany (Huuse and Lykke-Andersen, 2000b). Just a few shallower
tunnel valleys are interpreted to have been formed in MIS 10-6, mostly
in the British and Dutch North Sea sectors of the North Sea, whilst tunnel
valleys formed in MIS 5d-2 tend to be of intermediate size compared to
the Saalian and Elsterian valleys, and are filled with sediments previ-
ously interpreted to have been deposited in a variety of environments
ranging from high-energy fluvioglacial meltwater channels to quiet
lacustrine or marine conditions (Huuse and Lykke-Andersen, 2000b;
Kluiving et al., 2003; Lonergan et al., 2006; Stewart et al., 2012; van der
Vegt et al., 2012; Steinmetz et al., 2015; Lang et al., 2018; Winsemann
et al., 2020). However, the absolute ages of tunnel valleys in the North
Sea are often highly uncertain due to a notable paucity of stratigraphic
dating constraints, and increasing coverage and analysis of 3D seismic
data in recent years has revealed considerably greater complexity in
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tunnel valley distribution than captured in earlier interpretations. For
example, buried assemblages of tunnel valleys in the central North Sea
can be separated into at least seven cross-cutting generations, each of
which potentially reflects an individual glaciation (Stewart and Lone-
rgan, 2011; Stewart et al., 2013; Ottesen et al., 2020), whilst tunnel
valleys potentially spanning back to the Cromer Glaciation in MIS 16
(~676-621 ka BP) have been proposed in the southeastern North Sea
(Lohrberg et al., 2022). This evidence has been used to argue that the
traditional tripartite classification of North Sea glacial history is likely
too simplistic.

3. Datasets and methods

The seismic data analysed in this study were collected using two
classes of acquisition system with different horizontal and vertical res-
olutions. Small areas (typically between 1.5 and 40 km? per dataset) of
HR3D seismic data were used to examine the infill architecture of buried
tunnel valleys in unprecedented detail. A regional scale 3D seismic
survey was then used to contextualise the HR3D seismic analysis and
extend the interpretations of tunnel valley infill and architecture over a
wider area.

3.1. High resolution 3D seismic data

Seven HR3D seismic datasets (Fig. 1B), covering a combined area of
~67 km?, were used to conduct a detailed examination of the infill and
internal architecture of the buried tunnel valleys. The acquisition system
comprised two 1200-m-long streamers towed 3 m beneath the sea sur-
face. The streamers had 96 hydrophone groups at 12.5 m spacing, a 6.25
m shot interval and a 1-ms sample rate. The seismic source consisted of
two 4 x 40 in.? (2.62 L) sleeve airgun clusters, fired in flip-flop forma-
tion, with a signal frequency range between ~20-250 Hz (Games,
2012). This acquisition system is particularly well suited for assessing
the infill of shallow buried tunnel valleys as precise GPS positioning and
laser tracking of the streamers permit data to be binned at a high reso-
lution. In addition, the long length of the streamers enables velocity
analyses to be conducted. The resulting velocity data can be used in a
range of processes to suppress seismic multiples, which can be promi-
nent in data from formerly glaciated continental shelves such as the
North Sea (Games, 2012; Games and Wakefield, 2014; Games and Self,
2017). The final processed datasets consist of time-migrated 3D stacks
with a 1-ms sample rate, a 6.25 x 6.25 m bin size and a vertical reso-
lution of ~4 m, given the 100-125 Hz dominant frequency of the
seismic-reflection data (Kallweit and Wood, 1982), and a detection limit
for depth changes along individual reflectors of ~0.5 m (King, 2020;
Kirkham et al., 2021). The final processed seismic data were analysed
using S&P Global Kingdom Software.

3.2. Regional scale 3D seismic data

The HR3D seismic datasets are supplemented by the CNS Mega-
SurveyPlus, a merged regional scale 3D seismic dataset covering an area
of 23,650 km? in the central North Sea produced by the marine
geophysical company PGS. The CNS MegaSurveyPlus builds on areas
where previous data coverage is already good by including legacy data
from field tapes and data that is now of release age. These field data have
been fully reprocessed in time and merged with previous data to provide
better structural imaging and improved signal to noise ratios (PGS,
2020). The data consist of a 3D pre-stack time-migrated seismic cube
that stretches ~200 km from north to south and ~ 140 km from east to
west with a bin size of 12.5 x 12.5 m, although some data gaps are
present (Fig. 1B). The vertical resolution of the MegaSurveyPlus is
spatially variable owing to the different acquisition systems and condi-
tions in which the merged data were surveyed; for the burial depths and
regions examined here, the vertical resolution of the data is ~8-20 m.
Regardless of these variations, the MegaSurveyPlus represents a
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significant improvement in both horizontal and vertical resolution over
older regional scale 3D seismic surveys that have previously been used
to study the morphology and infill of tunnel valleys (12.5-100 m bin
size; e.g., Lonergan et al., 2006; Stewart and Lonergan, 2011; Stewart
et al., 2013), including the previous version of the MegaSurvey (25 x 25
m bin size; Ottesen et al. (2020)).

Two sub-regions of the CNS MegaSurveyPlus were examined in
detail in this study. These were chosen based on the locations of clusters
of HR3D seismic data containing tunnel valleys which could be linked
together using the regional scale 3D seismic survey. The first region,
hereafter termed Study Area 1, comprises a 1500 km? area located in the
central North Sea at the southern edge of the Witch Ground Basin at a
latitude of ~58°N. Study Area 2 consists of a 7150 km? region located
~150 km southeast of Study Area 1 at a latitude of ~57°N (Fig. 1B), and
contains the three longest tunnel valleys identified in the central and
northern North Sea (Ottesen et al., 2020).

3.3. Geotechnical information from industry-acquired boreholes

In addition to the two regions of interest defined within the CNS
MegaSurveyPlus, a third study area was chosen outside of the Mega-
SurveyPlus coverage in an area where a HR3D seismic dataset is
accompanied by extensive ultra-high resolution 2D (UHR2D) seismic
data (vertical resolution ~2 m) and several geotechnical boreholes
which penetrated into and around several tunnel valley fills (Figs. 1B,
S1). The CNS MegaSurveyPlus coverage does not extend this far north,
so in this location we employ a lower resolution (25 x 25 m bin size)
legacy 3D seismic dataset covering an area of 1466 km? to contextualise
the tunnel valley observations (Fig. S1). The boreholes in and around the
tunnel valleys reached depths of up to 100 m below the seafloor. Three
tunnel valleys were sampled: Borehole 1 penetrated 76 m below the
seafloor, 45 m of which recovered material from the tunnel valley (TV1)
— approximately a fifth of its total depth. However, given the homo-
geneous seismic character of the infill facies, it is likely that the sedi-
ments sampled in Borehole 1 are representative throughout TVI.
Borehole 2 reached a depth of 65 m below the seafloor, 15 m of which
recovered material from within valley TV2, and Borehole 3 penetrated
the flank of valley TV3 to a depth of 77 m below seafloor, sampling the
upper 18 m of tunnel valley infill. Detailed geotechnical information
were derived from the borehole samples, including material lithology,
grain size, shear strength and water content; this information was used
to aid interpretation of seismic facies and inform about the conditions in
which the tunnel valleys in the region were infilled.

3.4. Mapping of buried tunnel valleys

An initial reconnaissance of tunnel valleys present in the HR3D
seismic data was completed by examining sequential horizontal time-
slices of the seismic volumes. These provide a planform ‘map’ of the
buried tunnel valleys exposed at that depth of the timeslice (Lonergan
et al., 2006). The high level of detail present in the HR3D seismic data
then permitted the base and sides of each tunnel valley to be laterally
traced through the 3D seismic volume and mapped as a horizon in
seismic interpretation software. Once the general geometry of the tunnel
valleys was established, the facies comprising their infill were examined.
In a similar fashion to the base and sides of each valley, the top and base
of each infill facies was digitised as an individual seismic horizon and
then traced laterally in 3D through each of the HR3D seismic volumes.
Any further surfaces, such as stratigraphic discontinuities, present inside
the tunnel valley infill were also digitised and examined in 3D. The
mapped seismic horizons were converted from two-way travel time
(TWT) to depth using a velocity of 1900 m s~! below the seafloor, which
is appropriate for the Pleistocene sediments in this region (Kristensen
and Huuse, 2012).

Elongate channels surrounding those observed in the HR3D data
were mapped from the CNS MegaSurveyPlus using horizontal timeslices
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at 20 ms intervals. The use of timeslice mapping can introduce artefacts
into the data due to the arbitrary nature of ‘cutting’ through strati-
graphic layering, especially if multiples are present in the data. Conse-
quently, additional quality checks were used to confirm if each channel
was a tunnel valley. These included whether the channel possessed
distinctive morphological traits (such as abrupt terminations, steep side
slopes) and if the channel thalweg (assessed using 2D vertical slices
along the valley axis) undulated along the length of the valley. Once the
regional mapping in the area surrounding the HR3D seismic datasets
was complete, tunnel valleys were grouped into generations following
the methodology of Stewart (2009). This workflow has been employed
by numerous authors to map generations of buried tunnel valleys from
3D seismic data (e.g., Stewart and Lonergan, 2011; Stewart et al., 2013;
Ottesen et al., 2020). In this method, tunnel valleys are assigned a
relative age based on their crosscutting stratigraphic relationships and,
if this is not well resolved or available, based on their orientation and
stratigraphic depth (Stewart, 2009). This method permitted the tunnel
valleys observed in the HR3D seismic datasets, and their infill archi-
tecture, to be placed into the regional context of tunnel valley genera-
tions and be given a relative age.

3.5. Examination of tunnel valley infill

The infill of each mapped tunnel valley was examined using vertical
cross sections along their length at 100 m spacing for the CNS Mega-
SurveyPlus seismic data and at 25 m spacing for the HR3D seismic data.
The infill of the tunnel valleys in Study Area 3 was not examined due to
insufficient dataset resolution. Features of particular interest were
examined at the highest possible resolution whilst seismic attributes,
such as coherence, were also computed and analysed to help delineate
internal structures within the tunnel valley infill. Horizontal timeslices
were used to investigate how the seismic character of their infill varied
spatially along the length of the tunnel valleys. For each of the tunnel
valleys, the following information was assessed and recorded:

(i) The number of facies comprising the infill;

(ii) The detailed seismic character of each infill facies;

(iii) Whether any landforms (verified by 3D examination of their
morphology along mapped seismic horizons) were present;

(iv) Whether the infill contained any evidence of deformation or
thrust structures;

(v) Whether the infill contained any high-amplitude seismic re-
flections with additional characteristics such as phase-reversed
polarity or acoustic masking of underlying reflectors, which
may suggest the presence of shallow gas accumulations;

(vi) Whether the infill was internally confined or overtopped the
valley shoulders.

4. Results
4.1. Mapped tunnel valleys

A total of 93 tunnel valleys were mapped in Study Area 1, and a
further 228 were recorded in Study Area 2. Our revised mapping using
high-resolution 3D seismic data reveals that tunnel valleys are spaced
2-4 times more densely than reported in previous studies (e.g., Lonergan
et al., 2006; Stewart and Lonergan, 2011; Stewart et al., 2013; Ottesen
et al., 2020). For example, 25 tunnel valleys had previously been map-
ped in the overlapping portion of Study Area 1 (16 mapped by Stewart,
2009; Stewart et al., 2013, later updated to 25 by Ottesen et al., 2020);
this has now been revised to 75 tunnel valleys for the same area.
Furthermore, subtle internal structures are visible within the tunnel
valleys using HR3D seismic data — these have not been observed in
previous investigations utilising lower-resolution 3D seismic data
(Lonergan et al., 2006). The main increase in observed tunnel valley
density is driven by the discovery of numerous smaller valleys that are
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difficult to detect confidently using lower resolution data. Accordingly,
the greater number of tunnel valleys mapped here do not fit into the
previous generational framework proposed by Stewart and Lonergan
(2011). Instead, the tunnel valleys can be separated into 10 generations
based on their cross-cutting relationships (Figs. 3 and 4).

Basic morphological parameters for the tunnel valley generations are
similar to those previously described by Stewart et al. (2013) for the
central North Sea. In Study Area 1, the tunnel valleys are 250-2100 m
wide with width-to-depth ratios of 5-10. Generations 1, 2, 4, 5 and 10
are oriented southwest to northeast, whilst generations 3, 7, and 8 are
broadly oriented north to south (Fig. 3A). Generations 6 and 9 are ori-
ented southeast to northwest. Tunnel valleys in Study Area 2 are
~200-3800 m wide with average width-depth ratios of 6-8. Generations
1 and 3 are oriented southwest to northeast, whilst generations 2, 4, 5, 6,
8 and 10 are broadly orientated southeast to northwest (Fig. 4A). Gen-
erations 7 and 9 are orientated north to south. Four generations of
tunnel valleys can be distinguished in Study Area 3. The valleys are
700-2000 m wide and are generally oriented north to south (Fig. S1). It
is not clear whether the less complex pattern of tunnel valleys in this
region is because of the lower seismic dataset resolution in Study Area 3
compared to the other regions, or if this observation reflects regional
differences in tunnel valley incidence.

4.2. Tunnel valley infill

4.2.1. Seismic stratigraphy of tunnel valley infill facies

The systematic survey of 321 tunnel valleys imaged in the regional
3D and HR3D seismic data across study areas 1 and 2 reveals that seven
types of infill are present (Fig. 6). Differences in the resolution of HR3D
and conventional 3D seismic data result in some notable inconsistencies
in the seismic character of tunnel valley infill in cases where the spatial
coverage of these datasets overlaps. In Study Area 1, overlapping HR3D
and conventional 3D seismic data coverage is present for tunnel valley
generations 1-4, 6, 8, and 9, whilst overlapping seismic data coverage is
present for generations 3, 5, 6, and 8 in Study Area 2.

The tunnel valleys present within the two study areas are charac-
terised by three major infill facies (Figs. S2, S3). These three infill
packages are commonly tens of metres thick and are capable of filling
the valleys entirely (hundreds of metres thick). The first infill type
consists of semi-continuous, sub-parallel reflections with low to medium
amplitude that onlap onto the tunnel valley sides (Fig. 6). Type 1 infill is
present in 64% of the tunnel valleys surveyed, and commonly comprises
the main basal fill of the valleys. Smaller tunnel valleys can be entirely
filled by this unit.

In contrast, Infill Type 2 consists of a homogeneous unit with low
acoustic reflection amplitudes and a chaotic, mottled appearance that
indicates very little internal structure at the resolution of the HR3D
seismic data (Fig. 6). This facies is present in 31% of the tunnel valleys
surveyed and can overtop the tunnel valley shoulders. In the regional 3D
seismic data, these mottled reflections may merge together to form semi-
continuous reflections that sometimes dip, potentially making it difficult
to distinguish between infill types 1 and 2 using conventional 3D seismic
data alone. Structures resembling clinoforms are sometimes visible
within Infill Type 2 (Fig. S4); however, these are not as easily visible as
previously recorded in tunnel valleys from other areas of the North Sea
(Kristensen et al., 2008; Moreau and Huuse, 2014). In other profiles, this
unit may appear completely transparent. Infill Type 2 is generally absent
from the very smallest tunnel valleys and appears to be restricted to
valleys that are larger than ~60 m deep and 250 m wide. This facies
mostly comprises the upper fill unit in cases where multiple infill facies
are present, and is rarely topped by a further seismic facies in the valleys.
In instances where overtopping by a further unit does occur, Infill Type 2
tends to be overlain by infill types 1, 3, or 5. When Infill Type 2 is present
in more complex fill sequences, it tends to comprise over half, and
commonly over 70%, of the tunnel valley infill by volume. In rarer cases,
this facies comprises the sole infill unit of the valley, especially in tunnel
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valleys of smaller dimensions.

The third type of infill unit is characterised by medium amplitude
concave reflections with high continuity that are sub-parallel to the
valley floors. Infill Type 3 is present in 26% of the tunnel valleys sur-
veyed and generally occurs within smaller valleys (<700 m wide, <125
m deep), either as the basal unit or as the only unit filling the valley. In
tunnel valleys with multiple infill facies, this unit comprises only a small
percentage (15-30%) of the valley cross-sectional area.

In addition to the three dominant infill facies, a further four infill
types that are less widespread within the two study areas are also
identified. Of these, the fourth type consists of medium amplitude
stacked reflections that dip along the tunnel valley axis with angles of
~10-20° (Fig. 6). The reflections are only apparent from certain ori-
entations and can therefore be difficult to detect, particularly in the
regional 3D seismic data. This unit is up to several tens of metres thick.

The fifth infill type observed within the tunnel valleys is
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characterised by thick sequences of stratified continuous low-medium
amplitude parallel reflections that have high continuity. When pre-
sent, Infill Type 5 generally occurs at the top of the valley fill sequence.
This infill unit is most commonly observed within larger tunnel valleys,
although it may be difficult to distinguish between Type 5 and Type 2
deposits using conventional 3D seismic data alone due to their similar
appearance at coarser resolutions.

Infill Type 6 is comprised of large blocks of high amplitude chaotic
reflections or steep (10-42°) breaks in otherwise continuous parallel
reflections that run along the tunnel valley sides. When present, this unit
can comprise ~10-30% of the tunnel valley infill by volume. The final
infill class (Type 7) consists of discontinuous blocks of very high
amplitude semi-disrupted reflections that are sometimes found at the
base of the tunnel valleys. The thickness of this unit is typically small
(<10s m) compared with the depth of the tunnel valleys in which it is
found (100s m).

4.2.2. Landforms buried within tunnel valleys

Previous analysis of HR3D seismic data demonstrates that over 40%
of tunnel valleys in the central North Sea contain smaller glacial land-
forms buried within the valleys (Kirkham et al., 2021). The dimensions
of many of these landforms — particularly kettle holes, braided channel
structures, and crevasse-squeeze ridges — are below the detection limit
of conventional 3D seismic data and can only be imaged within the small
spatial extent of the HR3D seismic datasets. However, further analysis
over a larger spatial scale using conventional 3D seismic data confirms
that many additional tunnel valleys outside the confines of the HR3D
seismic data contain high-amplitude reflections between their difference
infill facies (Fig. 9). These reflections can largely be distinguished using
conventional 3D seismic data due to their high degree of continuity (e.g.,
Fig. 9A) and their association with shallow gas-bearing deposits
(Fig. 9E). When mapped in 3D, these high-amplitude reflections

delineate sinuous ridges that are up to 14 km long, 30-150 m wide, and
5 m high on average (Fig. 9A, B), as well as crudely streamlined island-
like features that are up to 1 km long and 300 m wide (Fig. 9C, D). We
interpret the ridges as eskers that were deposited in meltwater conduits
present at the base of an ice sheet (Kirkham et al., 2021), and the island-
like features as mega-rafts deposited by glacitectonic processes (e.g.,
Janszen et al., 2012a; Evans et al., 2020).

4.2.3. The infill of different tunnel valley generations

The tunnel valleys mapped in study areas 1 and 2 contain 1-5 infill
facies (Figs. 3, 4, 8). The majority of tunnel valleys are characterised by
1-2 seismic facies, although this is likely at least partially related to the
resolution of the seismic data, as tunnel valleys covered by the higher
resolution HR3D seismic data typically contain a greater number of
seismic facies than the surrounding valleys surveyed by the Mega-
SurveyPlus (Figs. 3B, 4B). Larger (both deeper and wider) tunnel valleys
generally contain more fill units, although many relatively wide valleys
are also characterised by only 1-2 seismic facies.

Type 1 infill constitutes the most widespread facies observed, with at
least one tunnel valley within each generation containing this unit. Type
2 infill is the second most widespread (6 out of 10 generations), whilst
four generations contain Type 3 infill. Rarely, small units of Type 7 infill
are present discontinuously along the base of some tunnel valleys,
although it is difficult to confidently image these units without the
greater resolution of the HR3D seismic data.

Although tunnel valleys in generations 1-4 contain up to 4 seismic
facies, the majority are dominated by a single unit of Type 1 infill. This
unit is typically unconfined by the valley sides and occasionally contains
remnant landforms (Section 5.2.2), phase-reversed reflections indicative
of gas-bearing deposits, and some evidence of deformation or imbricated
reflections. A few tunnel valleys are also filled with concave (Type 3) or
chaotic (Type 2) reflections, with the latter not confined by the valley
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parallel reflections that onlap onto the tunnel
valley sides. Unit is confined to the tunnel valley.
Conventional 3D (if different)

May be difficult to categorise in shallower tunnel
valleys due to significantly fewer reflections.

HR3D

Homogeneous unit which can extend over the
tunnel valley shoulders. Reflections have low
acoustic amplitudes and a chaotic, mottled
appearance with little internal structure.
Conventional 3D (if different)

Reflections can merge together to appear semi-
continuous and sometimes dipping. In other
cases, this unit appears completely transparent.

HR3D

Medium amplitude concave reflections with high
continuity. Reflection mirrors the shape of the
tunnel valley base.

Conventional 3D (if different)

HR3D

Medium amplitude stacked reflections that are
only apparent from certain orientations.

Conventional 3D (if different)
Difficult to distinguish at the resolution of this
data.
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Low-medium amplitude, highly continuous,
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vertical break in otherwise continuous parallel
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Very high amplitude semi-disrupted reflections.
Often situated at the base of tunnel valleys.

Conventional 3D (if different)

Clay dominated unit with
possible interbedded sands
deposited in a
subglacial/proglacial setting.

Subaqueous or subaerial
outwash with a highly
homogeneous sediment
supply.

Post-depositional compaction
and settling of infill package.

Glacitectonically thrusted
sediments.

Marine sediments.

Rotational slumping and mass
movements. Break in
reflections indicates a
pronounced failure plane.

Subglacial till.

Fig. 6. Seismic facies identified within the infill of central North Sea tunnel valleys. Differences in seismic character are sometimes present between the high-
resolution 3D (HR3D) seismic data and the conventional 3D seismic data. Arrows highlight the infill type. TWT — two-way travel time.

sides and sometimes burying the Type 1 unit that commonly fills the
base of the valleys.

Generation 5 contains a highly consistent fill pattern of either a 1-2
units of Type 1 infill that occasionally contains landforms and gas-
bearing deposits, or concave Type 3 reflections at the valley base cap-
ped by a unit of Type 2 infill that consistently overflows the valley sides.
Generation 5 valleys consist mostly of two seismic facies but can contain
1-3 fill units. Landforms and gas-bearing deposits occur at a higher
frequency within generation 5 tunnel valleys than in other generations,
especially within Study Area 2. These features are mostly associated
with Type 1 infill.

Generations 6-8 tunnel valleys are mostly comprised of 1-2 units of
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Type 1 or Type 3 infill, with occasional instances of Type 2 fill. In cases
where valleys contain two seismic facies, the upper unit is comprised of
Type 1 or Type 2 infill. Where present, the Infill Type 2 frequently
overtops the valley shoulders. Deformed sedimentary structures and
landforms, including eskers and island-like blocks, are relatively com-
mon within generation 8 tunnel valleys (Fig. 9) — particularly those
associated with Type 1 infill deposits. Within Study Area 2, generation 8
contains a massive tunnel valley that is the longest documented in the
North Sea (155 km; Ottesen et al., 2020). With the addition of the
revised regional-scale 3D seismic data, our mappings extend the length
of this tunnel valley to over 195 km, making it the longest tunnel valley
documented anywhere in the world. The tunnel valley is ~360 m deep
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and contains 5 seismic facies. The lower three facies consist of packages
of Type 1 infill that contains gas-bearing deposits. These are capped by a
unit of Type 2 infill, and finally a drape of Type 5 infill.

The generation 9 tunnel valleys are largely infilled with a single unit
dominated by Type 1 sediments, although infill types 2 and 3 are also
present in some valleys. Eskers (Fig. 9A, B) and crudely streamlined
island-like features that are up to 1 km long and 300 m wide (Fig. 9C, D)
are observed within some tunnel valleys, visible as high-amplitude re-
flections commonly present within Infill Type 1. The infill of many
tunnel valleys of this generation is unconfined. Finally, the infill of
generation 10 is comprised of a single unit of Type 1 or Type 3 fill.
Landforms are absent from the valley fills and ~ 50% of the fill is un-
confined. Most tunnel valleys in this generation contain only one fill
unit.

4.2.4. Geotechnical borehole information

Geotechnical information was analysed for six boreholes in Study
Area 3. Three boreholes sampled the infill of distinct tunnel valleys in
this region (termed TV1, TV2 and TV3) and the remainder sampled the
substrate immediately adjacent to the channels. The three tunnel valleys
are of intermediate size compared to others in our updated inventory.

TV1 is 950 m wide, 234 m deep and has a distinctive V-shaped
morphometry. In the HR3D seismic data, the infill of TV1 is dominated
by low amplitude chaotic reflections with a mottled appearance (Infill
Type 2) which are extensively faulted along flanks of the valley
(Fig. 5A). These faults correspond to pervasive slumping of large sedi-
ment blocks which fill the valley base (Kirkham et al., 2021), forming
glacial curvilineations along the crest of the scarps (Kirkham et al.,
2022). The top of the tunnel valley infill is notable as it exhibits a domed
upper surface which stands proud of the valley shoulders by ~30 m
(Fig. 5A). Tracing the reflection corresponding to the top of the tunnel
valley into adjacent areas reveals the presence of streamlined glacial
landforms indicative of overriding by a fast-flowing grounded ice sheet
(Fig. 5D); this fast ice flow appears to have differentially eroded the infill
of the tunnel valleys in this region, with the softer sediments sur-
rounding the infilled valley being preferentially eroded (Fig. 5E).

Borehole 1 suggests that the infill of TV1 consists of coarse silts and
fine sands that are sometimes interbedded with thick layers of coarse
silt. Corrected cone penetration tests reveal that the sediments are very
dense, with cone resistance values of up to 90 MPa. The proportion of
clay within the tunnel valley fill (~4%) is greatly diminished compared
to adjacent sediments into which TV1 is incised (typically 30-60%).
Instead, this fraction of clays is replaced with higher proportions of fine
sands (+10-20%) and coarse silts (+10-30%) relative to the sur-
rounding substrate at similar depths. Gravel-sized sediments are also
absent from TV1 despite small proportions being present in the bore-
holes surrounding the tunnel valley which were probably deposited by
ice rafting.

TV2 is 600 m wide and 55 m deep. When imaged using UHR2D
seismic data, the valley infill is characterised by medium to high
amplitude semi-continuous reflections that onlap the valley sides (Type
1 infill) (Fig. 5B). Geotechnical information from Borehole 2 reveals a
greater degree of variability compared to Borehole 1. Samples range
from very dense fine sands (100% of sample), which correspond to the
higher amplitude reflections within the valley, to coarse silts (72% of
sample) with smaller percentages of sands and clays (16% and 12%,
respectively). Gravel is completely absent from the infill of TV2, yet
small percentages are present in the surrounding substrate, probably
deposited by ice rafting. The lithology of the infill of TV2 is relatively
similar to neighbouring boreholes located outside of the valley but with
slightly higher proportions of silt than the surrounding boreholes.
Borehole 2 also lacks the thin laminae and beads of clays and silts that
are common in other boreholes surrounding TV2.

TV3 is ~1300 m wide, up to 72 m deep and exhibits a domed upper
surface similar to TV1. The UHR2D seismic data reveals that the infill of
TV3 consists of low amplitude chaotic seismic reflections with little
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internal structure (Type 2 infill), although some isolated high amplitude
reflections are present within the central upper portion of the valley
infill (Fig. 5C). Material recovered from Borehole 3 demonstrates that
TV3 is infilled by silts (43-59%) and clays (11-42%) which sometimes
contain fractions of fine sand. The valley infill contains a lower fraction
of fine sands (13-29%) than the other valleys sampled.

5. Discussion
5.1. Interpretation of tunnel valley infill facies

Three major units (infill types 1-3) dominate the infill of the central
North Sea tunnel valleys. Geotechnical information from Infill Type 1
(Borehole 2) demonstrates that the onlapping sub-parallel reflections
characteristic of this facies reflect sedimentary layers consisting of
varying fractions of fine sands and coarse silts. These lithological vari-
ations would produce more acoustic contrasts and therefore may explain
the strong and continuous character of the seismic reflectors associated
with this unit. Infill Type 1 can also contain medium to high amplitude
reflections that correspond to subglacial landforms (see Kirkham et al.,
2021) buried within or at the upper boundary of this unit, or deforma-
tion within the unit itself. Based on these characteristics, we interpret
Infill Type 1 as reflecting ice-proximal sedimentation close to the ice-
sheet grounding zone.

A similar facies to Infill Type 1, described as massive to cross-bedded
in structure, is observed along the floors of many Late Ordovician tunnel
valleys in northern Africa and Arabia (Fig. 7A-C) (Le Heron et al., 2004;
Clerc et al., 2013). This unit can be up to 40 m thick, although its
thickness varies along the length of the valley. Clerc et al. (2013) suggest
that this sedimentary facies was deposited rapidly from granule-rich,
high-density turbulent underflow currents expelled from beneath a
lightly grounded ice sheet. Deposition of the coarser fraction of the
sediment carried by this meltwater would have occurred close to the
outlet whilst finer sands, silts, and clays would be carried further in
rising meltwater plumes and rain out from suspension further from the
outlet (Syvitski, 1989; Mugford and Dowdeswell, 2011; Dowdeswell
etal., 2015). These glacimarine deposits sometimes contain evidence for
deformation, recording the occasional re-grounding of the ice sheet
upon these sediments within the partially grounded zone (Clerc et al.,
2013). A further similarity between Late Ordovician examples of tunnel
valleys and those in the North Sea is the presence of deformation of the
unit into which the tunnel valleys are incised at the sides of the erosional
unconformity (Fig. 7D). The observed side wall deformation potentially
reflects a combination of ice loading in conjunction with probable
sediment piping through the conduit during tunnel valley formation (Le
Heron et al., 2004).

Samples from Borehole 1 (Fig. 5A) demonstrate that the mottled
seismic reflections characteristic of Infill Type 2 correspond to very
dense homogeneous silty sand with a low clay content. We interpret
Infill Type 2 as subaqueous or subaerial proglacial outwash with a
highly homogeneous sediment supply. The morphological, geophysical,
and geotechnical characteristics of this unit are similar to upper valley
fill deposits recorded in late Ordovician examples of tunnel valleys in
northern Africa which feature well-sorted, fine-to coarse-grained sand-
stones with limited grain size variations that can extend over the valley
shoulders (Fig. 7) (Le Heron et al., 2004; Clerc et al., 2013). Clinoform-
like geometries are sometimes recognised within this unit, and small-
scale sedimentary structures such as planar lamination, primary cur-
rent lineations, convolute lamination, rare antidune stratification, cur-
rent ripple cross-lamination and largescale undulose bedding have also
been observed (Le Heron et al., 2004; Clerc et al., 2013). An absence of
glaciotectonic deformation structures suggests that there was no ice
contact during the time that this unit was deposited (Clerc et al., 2013).
When viewed from a regional perspective, these massive cross-bedded
sandstones form a regionally extensive blanket which extends for tens
of kilometres and can be several tens of metres thick (Girard et al., 2012;
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Hirst et al., 2012). This sedimentary unit has been interpreted as pro- is commonly confined to the valley sides. We interpret Infill Type 3 to
glacial or glacimarine outwash deposited beyond the grounding zone represent post-depositional deformation of the infill package driven by
during temporary stillstands punctuating a final relatively rapid retreat factors such as porosity changes or sediment compaction. In some cases,
of the marine-terminating ice-sheet margin (Clerc et al., 2013; Dow- this unit is associated with salt domes that underlay the tunnel valleys —
deswell et al., 2015). particularly in the southern central North Sea. However, this association
Infill Type 3 does not contain landforms or shallow gas deposits and does not apply to all tunnel valleys.
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tunnel valley infill is deformed or contains evidence of landforms within it. Fill type is plotted in an anti-clockwise direction from base of the tunnel valley to its upper
fill unit. Larger markers represent more complex infill architecture. (A) Dimensions and infill character of tunnel valleys in Study Area 1, and three examples of Late
Ordovician tunnel valleys in North Africa (see Fig. 7 for context). (B) Dimensions and infill character of tunnel valleys in Study Area 2. (C) Example tunnel valley
cross-section classified into different infill facies and containing characteristics such as slumps, eskers and shallow gas accumulations. (D) Histogram of tunnel valley
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Of the four other minor units contained within the central North Sea
tunnel valleys, the imbricated reflections comprising Infill Unit 4 are
interpreted as glaciotectonic thrust structures indicating sediment
deformation by ice motion, based on comparison to similar features
elsewhere (e.g., Huuse and Lykke-Andersen, 2000a). We interpret Infill
Type 5 as marine sediments deposited near the top of the tunnel valleys,
and Infill Type 6 as slump and mass-movement deposits present within
the valleys (Kirkham et al., 2021; Kirkham et al., 2022). Finally, we
interpret the reflections characterising Infill Type 7 as the top of
discontinuous deposits of subglacial till plastered onto the floors of the
tunnel valleys © Cofaigh, 1996).

5.2. Patterns of tunnel valley sedimentation

Our systematic regional mapping of tunnel valley infill demonstrates
that most tunnel valleys are characterised by a relatively simple fill ar-
chitecture consisting of 1-2 seismic facies, although notably more
complex examples of tunnel valley fill exist (up to 5 seismic facies); these
are especially recognised in areas of HR3D seismic data coverage. The
more complex infill patterns visible in the HR3D seismic data are more
similar to the numerous sedimentary units described in borehole in-
vestigations (e.g., Hepp et al., 2012; up to 6 lithological units) than the
more simple bi- or tripartite patterns previously interpreted from con-
ventional 3D seismic data (e.g., Huuse and Lykke-Andersen, 2000b;
Kluiving et al., 2003; Lonergan et al., 2006; Stewart et al., 2012). This
shows that HR3D seismic data are capable of capturing fine-scale infill
packages not visible in conventional 3D seismic data. Consequently,
although the CNS MegaSurveyPlus used for the majority of the tunnel
valley infill mapping in this study is higher resolution than previous
compilations, the finer detail of tunnel valley fills is probably not fully
resolved in the regions where HR3D seismic data coverage is absent.
Furthermore, this issue is spatially variable because the presence of
seismic multiples in some areas and other quality control issues (e.g.,
poor muting and velocity controls) can make it difficult to interpret the
near-seabed interval of the 3D seismic data. Therefore, whilst conven-
tional 3D seismic data are sufficient to map and classify the broad-scale
structure of tunnel valley infill facies, HR3D seismic data is needed to
reveal the true morphology and infill structures present within buried
tunnel valleys.

Tunnel valleys with larger dimensions tend to contain greater
numbers of fill units, a trend that is particularly apparent for the more
recent generations (Fig. 8). At a gross scale, many tunnel valleys contain
a previously reported deglacial succession of ice-proximal sediments
overlain by distal outwash deposits that may overtop the valley shoul-
ders (e.g., Cameron et al., 1987; Huuse and Lykke-Andersen, 2000b;
Kluiving et al., 2003; Stewart et al., 2012; van der Vegt et al., 2012).
Marine sediments are also present at the top of the largest valleys that
were not fully infilled during deglaciation. This pattern of decreasing
glacial influence reflects the retreat of the ice sheet front away from the
tunnel valleys after these features were incised (Praeg, 1996; Ghienne
and Deynoux, 1998; Janszen et al., 2012b; van der Vegt et al., 2012).

In contrast to previous studies, however, our detailed mapping using
higher resolution 3D seismic data allows for a number of additional
patterns to be drawn out. Previous investigations of tunnel valley infill
in the North Sea have not been able to distinguish differences in the infill
patterns of different tunnel valley generations (e.g., Stewart et al.,
2012). Our updated mapping suggests that earlier tunnel valley gener-
ations (1-3) are characterised by simpler infill architectures than later
tunnel valley generations. These earlier tunnel valley fills consist largely
of ice-proximal sediments that sometimes contain evidence of ice
overriding. We interpret these infill sequences to reflect sedimentation
during relatively gradual ice-sheet retreat with occasional episodes of
overriding by re-advancing grounded ice. Later generations of tunnel
valleys (4-10) have more variable sedimentation patterns with a higher
incidence of outwash sediments. Many examples of subglacial land-
forms, deformation structures, and shallow gas deposits are present
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within these later tunnel valley generations, potentially indicating more
dynamic fluctuations of the ice margin (including readvances and
stagnation) during valley filling and ice retreat.

In addition, extensive proglacial outwash sediments are particularly
common further south in Study Area 2. This infill unit overtops the
valley shoulders in over 50% of the tunnel valleys that contain it — a
characteristic that appears to be independent of valley size. The reduced
presence of ice-proximal sediments and the deposition of a regionally
extensive blanket of unconfined outwash sediments in this region in-
dicates that ice-margin retreat rates in this area were comparatively
rapid — a pattern that occurred over multiple glaciations. The thickness
and patterns of tunnel valley infill may also be indicative of relative
retreat rates and the frequency of readvances of the ice margin in the
geological record (Janszen et al., 2012b). For example, infill sequences
in which distal outwash deposits are overlain by sediments deposited in
an ice-proximal setting indicates a substantial readvance of the ice
margin following initial ice retreat. In both of our study areas, in-
cidences of this pattern are rare (<2%), indicating that substantial
readvances of the ice margin followed by a more gradual retreat did not
frequently occur during the deglaciation of the North Sea at times when
the tunnel valleys were unfilled. However, a greater number of tunnel
valleys in Study Area 2 (14%) are entirely filled with outwash sediments
compared to those in Study Area 1 (3%), a trend that is particularly
apparent for more recent tunnel valley generations (8-10). This pattern
may indicate that the southern North Sea experienced greater ice mar-
ginal retreat rates compared to the central North Sea where thicker
deposits of ice-proximal facies are present. These inferences are sup-
ported by numerical model and geomorphological reconstructions of the
deglaciation of the North Sea during the last glacial period (Clark et al.,
2022), which demonstrate that the unzipping of the British-Irish and
Scandinavian ice sheets was rapid and was primarily driven by the
retreat of the Norwegian Channel Ice Stream (Gandy et al., 2021).

An exception to this pattern is where landforms, in particular
crevasse-squeeze ridges, are observed within the valley fills (Figs. 8, 9).
Where observed, crevasse-squeeze ridges are buried within the outwash
unit. Formatively linked to glacial surging (Sharp, 1985; Solheim and
Pfirman, 1985), an absence of ice-proximal sediments above and below
these ridges demonstrates that a rapid readvance and retreat of the ice
margin occurred before and after ridge deposition, respectively. This
suggests that in rare cases, rapid and substantial fluctuations (surges or
readvances and stagnation) of the ice margin occurred during deglaci-
ation, potentially facilitated by changing basal hydrological conditions
within the tunnel valleys themselves (Kirkham et al., 2021). Other
subglacial landforms buried within the tunnel valleys likely reflect
minor seasonal readvances of the ice margin. For example, the formation
of continuous and often laterally extensive (>14 km) depositional
landforms such as eskers (Figs. 9, 10), rather than more discontinuous
beaded structures, demonstrates that sediment supply outpaced ice
retreat in these environments (Livingstone et al., 2020).

Landforms are most commonly present within larger tunnel valleys
(wider than ~400 m and deeper than ~75 m), particularly within the
deepest ones, and typically occur within valleys characterised by more
complex infill patterns (>2 seismic facies) (Fig. 8). The glacitectonic
mega-rafts interpreted within the infill of some valleys strongly
resemble the rafts of substratum material sometimes contained within
the basal fill of tunnel valleys in northwest Germany (Janszen et al.,
2012a). These authors note that the rafts are primarily present down-
stream of valley-floor overdeepenings, potentially indicating the rapid
headward valley erosion proposed for other Pleistocene tunnel valleys
(Wingfield, 1990; Praeg, 1996; Hooke and Jennings, 2006; Janszen
et al., 2012a). High-amplitude, phase-reversed seismic reflections and
blanking of reflections associated with the presence of shallow gas
(Fader, 1997) also occur most frequently within larger tunnel valleys
with complex infill architectures. However, in contrast to the landforms
which are present in most tunnel valley generations, shallow gas accu-
mulations generally occur within older tunnel valley generations
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Fig. 9. High-amplitude reflections associated with subglacial landforms and shallow gas buried within the central North Sea tunnel valleys. (A, B) Examples of eskers
and streamlined island-like blocks (C, D) buried within the infill of tunnel valleys. (E) Example of gas-charged tunnel valley infill sediments. All examples are from

Study Area 2, however similar examples are also present in Study Area 1.

(Figs. 3D, 4D, S2, S3); this observation might indicate that the shallower
sediments covering these tunnel valleys might be ineffective as a trap for
gas in the younger valley generations.

The relative position of the subglacial landforms within the sedi-
mentary facies that buries them within the tunnel valleys is capable of
indicating relative retreat rates. Approximately 46% of the buried eskers
observed in the tunnel valleys are situated between two layers of ice-
proximal sediments. This pattern indicates that a readvance occurred
over the first ice-proximal unit. The esker was then formed before the ice
gradually retreated from the tunnel valley, depositing the second ice-
proximal unit. The preservation of eskers also implies that there was
little or no ice flow in the tunnel valley after the eskers formed; this
situation could occur if ice margin had surged along the tunnel valley
and then stagnated prior to esker formation (Kirkham et al., 2021). In
contrast, a pattern of rapid ice-margin retreat following esker deposition
is slightly more commonly observed as 54% of buried eskers are located
at the boundary between ice-proximal and outwash sediments. This
pattern indicates that a readvance of the ice margin, followed by esker
deposition and then rapid lift off and retreat of the ice front occurred in
these settings. The rapid retreat style implied by the presence of thick
outwash sediments at the top of the tunnel valleys is supported by the
association between this sedimentary facies and the higher continuity of
eskers buried by this package compared to those buried by further ice-
proximal sediments. This implies that the eskers were exposed from
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beneath a grounded ice sheet only briefly before being blanketed by
outwash sediments, facilitating their excellent preservation compared to
the slower ice retreat implied by the presence of ice-proximal sediments
covering these features (Storrar et al., 2014; Storrar et al., 2019).
Eskers buried within the tunnel valleys are characterised by high-
amplitude seismic reflections with phase-reversed polarity over the
ridge crests (Figs. 9A-C, 10). Combined with acoustic masking of un-
derlying reflectors, these characteristics suggest that the eskers often
contain shallow gas within their constituent sediments (Fader, 1997;
Buckley, 2012; Rose et al., 2018). Accordingly, when HR3D seismic data
is available to use as a guide, it is possible to image eskers using con-
ventional 3D seismic data as the shallow gas contained within them
helps to illuminate them from the surrounding valley infill (Fig. 10D).
Correlation analysis between the eskers and the gas-charged Cren-
ulate Reflector beneath them (Fyfe et al., 2003; Stoker et al., 2011) in
one HR3D seismic dataset reveals little correlation between the location
of gas accumulations within these features and their source rocks
beneath (Fig. 11). This lack of correlation may indicate that the shallow
gas contained within the eskers is biogenic in origin. However, in a
different HR3D seismic dataset, the gas accumulations within one tunnel
valley have clearly migrated along faults caused by salt diapirism
(Fig. 12); similar occurrences of gas escape along faults related to salt
structures have also been reported in other parts of the North Sea
(Kuhlmann and Wong, 2008). As the coarse-grained deposits comprising
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Fig. 10. Gas-charged eskers buried within tunnel valleys. (A) Cross-section of a tunnel valley in high-resolution 3D seismic data containing an esker characterised by
a high-amplitude seismic reflection with phase-reversed polarity over the ridge crest. (B) Seismic profile along the length of the esker using conventional 3D seismic
data, interpreted in (C). Stippled red lines indicate the locations of shallow gas anomalies. (D) Mapped seismic horizon in the centre of the tunnel valley infill
corresponding to the esker reflection in conventional 3D seismic data. A 14-km long system of eskers can be visualised. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

the eskers and other landforms commonly found within the infill of
North Sea tunnel valleys represent high permeability pathways, fluids
from the underlying strata would only need to migrate upwards into the
tunnel valleys at a single point before they could migrate along these
landforms to accumulate at local stratigraphic traps or even escape
through the seafloor (Figs. 11B, 12C). Such near-surface accumulations
within or at the intersection of tunnel valley walls (e.g., Fig. 11B) can
create significant velocity contrasts with the surrounding strata, giving
an impression of pipes or chimneys (Fig. 12B) below that may affect
assessments of containment risk when scoping possible sites for carbon
capture and storage or radioactive waste disposal (Karstens and Berndt,
2015; Frahm et al., 2020; Callow et al., 2021).

The extensive length (>14 km) and continuity of the gas-filled North
Sea eskers demonstrates the significant geohazard that such structures
potentially pose to the installation of near-seafloor infrastructure.
Moreover, the ability for fluids to escape into tunnel valleys through
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faults, particularly in regions where salt domes are common, represents
a significant mechanism to consider when detecting and monitoring CO,
leakage from underlying carbon storage efforts (Raza et al., 2019) or
even radioactive nuclear waste disposal (von Berlepsch and Haverkamp,
2016); if fluids were ever to migrate from storage reservoirs to the
shallower depths in which these features are found, they would provide
preferential pathways through which trapped gases could migrate
laterally through or even escape from the subsurface.

Our inventory of tunnel valley infill supports the conclusions of
previous studies which do not observe clinoform structures within val-
leys present in the central North Sea (Stewart et al., 2012). However, in
the southern North Sea, tunnel valleys are filled with hundreds of metre-
high, kilometre-long, clinoforms that dip northward towards the former
ice-sheet centre(s) with angles of 0.5-12° (Laban, 1995; Praeg, 2003;
Kristensen et al., 2007; Kristensen et al., 2008). These clinoform struc-
tures thus appear to be relatively unique to tunnel valleys present in the
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Fig. 11. Comparison of amplitude anomaly extractions between depths where tunnel valleys are present and the underlying gas-charged Crenulate Reflector. (A)
High-resolution 3D seismic section of an esker buried within a tunnel valley, underlain by the Crenulate Reflector. (B) Plan-view RMS amplitude anomaly extraction
at 300-450 ms TWT highlighting the locations of gas-charged eskers (high amplitudes). (C) Plan-view RMS amplitude anomaly extraction at 450-600 ms TWT
displaying the gas-charged Crenulate Reflector. Stippled white lines delineate the tunnel valley boundaries. Solid white lines display the orientation of in-line and

cross-line profiles.

southern North Sea, as they have not been confidently observed in
outcrops onshore in northwest Europe (Ehlers et al., 1984; Benvenuti
et al., 2018), although clinoform-like geometries have been recognised
in outcrops of late Ordovician tunnel valleys preserved in north Africa
(Le Heron et al., 2004). An exception to this trend is one tunnel valley
covered by HR3D seismic data in the central northern North Sea (Study
Area 3). Here, subtle structures resembling clinoforms are imaged from
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some orientations along the tunnel valley (Fig. S4A). The reflections
have dip angles <4°, which is within the range of slopes reported from
the well-known clinoform examples in the southern North Sea (1-11°),
and dip towards the former ice-sheet centre in a similar manner to those
filling the tunnel valleys present in the southern North Sea (Praeg, 1996;
Kluiving et al., 2003; Kristensen et al., 2008). However, without further
HR3D seismic data coverage, it is difficult to assess the scale and
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Fig. 12. Fluid migration into tunnel valleys along faults caused by salt diapirism. (A) High-resolution 3D seismic section with overlying water column backscatter
data and (B) interpretation of a salt dome and overlying stratigraphy in the central southern North Sea. Salt diapirism has mobilised faults in the overlaying strata
through which gas is seen to migrate; this gas eventually accumulates in (C) the tunnel valleys in uppermost part of the 3D seismic section, or escapes through the

seafloor to form seeps which can be imaged in the water column backscatter data.

prevalence of these features within neighbouring valleys as they are
difficult to detect using conventional 3D seismic data alone (Fig. S4C).

Another unusual feature of the tunnel valleys in Study Area 3 is the
differential erosion of some filled tunnel valleys, leading to a domed
profile (Fig. 5A, C, E). Streamlined glacial landforms located adjacent to
the tunnel valleys demonstrate that they have been overridden by fast-
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flowing ice subsequent to their infilling with dense sands (e.g., Clark,
1993; Graham et al., 2007; King et al., 2009) (Fig. 5D). The dimensions,
elongation ratios, and orientation of these landforms suggests that this
region was overridden by a tributary of the Norwegian Channel Ice
Stream. This fast-ice flow preferentially eroded the softer clay-
dominated sediments surrounding the infilled valley, leaving the more
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resistant tunnel valley infill standing proud of its surroundings (Fig. 5E).
However, even the densely consolidated sands filling the tunnel valleys
should have been relatively easy to erode by a grounded ice stream.
Consequently, an additional factor potentially facilitated the unusual
resistance of this material to glacial erosion, such as freezing or the
accumulation of gas-hydrates.

Accumulations of subglacial gas-hydrates have been associated with
areas of high basal traction — sticky spots — beneath palaeo ice streams
in the Barents Sea (e.g., Winsborrow et al., 2016; Serov et al., 2017). The
presence of gas hydrates can lead to an eight-fold increase in sediment
shear strength through desiccating and stiffening their host sediments
(e.g., Winters et al., 2004; Waite et al., 2009); this increase in sediment
stiffness could have protected the tunnel valley sediments from the
erosion of overriding ice. However, whilst there is some evidence for gas
migration and escape through the tunnel valley sediments in the form of
seabed pockmarks, phase-reversed reflections, and the blanking of un-
derlying reflections, these indicators are not widespread in the locality
of the tunnel valleys. Furthermore, any pockmarks that are present are
not preferentially clustered above the tunnel valley fills as would be
expected in the case of extensive gas hydrates being released in this area.

Alternatively, the sediments could have been strengthened through
the incorporation of frozen water within them. The clinoforms noted
within the southern North Sea tunnel valleys have been used as a basis to
propose a ‘backfilling” model of tunnel valley infilling close to the
margin of a retreating ice sheet (Praeg, 2003; Kristensen et al., 2008).
This theory postulates that tunnel valleys form and fill as a ‘conveyor-
belt’ system, with sediment-laden meltwater produced in the ice-sheet
interior being transported and plastered onto steep adverse bed slopes
near the ice-sheet margin to form the clinoform structures through the
process of glaciohydraulic supercooling. As the water becomes super-
cooled, thick sections of sediment-laden frazil and platy ice accrete onto
the substratum sediments, trapping sediments in the ice (Alley et al.,
1998; Lawson et al., 1998). Once deposited, the tunnel valley sediments
could remain frozen due to the migration of groundwater from upstream
regions, characterised by thicker ice and thus high pressures, towards
the thinner ice marginal regions where it may freeze as it enters this
lower pressure setting. The importance of tunnel valleys as groundwater
reservoirs in many formerly glaciated settings supports this hypothesis
(Sharpe et al., 1996; Piotrowski, 1997; BurVal Working Group, 2006;
van der Vegt et al., 2012). Whilst many tunnel valleys mapped in this
study contain a sandy facies that overtops the valley shoulders, it is
notable that the tunnel valleys containing a domed proud-standing infill
are also the only ones that contain subtle structures resembling clino-
forms within them. If the clinoform-like structures interpreted within
the tunnel valley are not artefacts, they could suggest that the freezing of
water within these sediments, both during and after deposition, helped
to protect these dome-shaped tunnel valley fills from subsequent ice-
sheet overriding.

5.3. Implications for North Sea glacial history

Our revised classification of ten generations of tunnel valleys in the
central North Sea is more complex than noted in previous investigations
which have identified up to five generations of tunnel valleys in the
eastern North Sea (Kristensen et al., 2007) and up to seven generations
in the central North Sea (Stewart and Lonergan, 2011; Stewart et al.,
2013; Ottesen et al., 2020). Indeed, the ten generations of tunnel valleys
distinguished in the central North Sea makes this region the most
complex pattern of tunnel valleys documented anywhere in the world.
This difference derives from the higher-resolution data used to map
buried tunnel valleys in this study. Although tunnel valleys in other
regions such as Canada (Atkinson et al., 2013), mainland Europe
(Jorgensen and Sandersen, 2006; Sandersen et al., 2009), the Barents
Sea (Montelli et al., 2020), and North Africa (Douillet et al., 2012)
commonly consist of multiple cross-cutting generations (van der Vegt
etal., 2012), the number of generations observed rarely exceeds three —
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demonstrating the exceptional complexity of the tunnel valleys buried in
the North Sea Basin. In some regions such as terrestrial Denmark, cut-
and-fill structures within the infill of some tunnel valleys demonstrate
that they have been reoccupied after being initially incised and partially
filled, rather than forming a new generation (Jgrgensen and Sandersen,
2006). In contrast, where resolvable, tunnel valleys in the central North
Sea can contain smaller braided channel structures along their erosional
base which likely migrated laterally as the valleys were incised (Kirk-
ham et al., 2021; Kirkham et al., 2022). However, to date, no smaller
channel structures have been resolved within the infill of the valleys
themselves.

We speculate that the far greater number of tunnel valley generations
present in the North Sea potentially reflects the extremely flat topog-
raphy of the North Sea Basin due to the reduced influence of basal
topography on determining the dominant direction of subglacial water
routing. Although the routing of water beneath ice masses is controlled
primarily by the ice surface profile (Shreve, 1972), basal topography still
provides some constraint, especially if the basal topography is rugged.
The exceptionally flat nature of the infilled North Sea Basin means that
water routing in the region would have been highly sensitive to changes
in ice sheet geometries (Kirkham et al., 2022); subtle changes in ice
sheet profile created as the ice sheets covering the North Sea waxed and
waned would therefore have significantly altered basal hydrological
potential gradients, and thus subglacial water routing, over relatively
short timescales. These prominent switches in water flow direction
would tend to incise new generations of cross-cutting tunnel valleys
rather than reoccupy existing features. In contrast, the more rugged
subglacial topography of regions such as inland Britain, Western Europe
or Scandinavia would have funnelled the routing of subglacial water
into more persistent or similar flow pathways, resulting in the prefer-
ential reuse of existing older valleys rather than the incision of cross-
cutting new tunnel valley generations.

The presence of even more generations of cross-cutting tunnel valley
networks in the central North Sea adds weight to the growing body of
evidence that the traditional model of northwest Europe’s glacial history
is too simplistic (See Section 3) and likely consists of more than three
major glaciations over the last 460 kyr (Ehlers et al., 1984; Ehlers and
Gibbard, 2007; Stewart and Lonergan, 2011; Lang et al., 2018; Batchelor
et al., 2019; Ottesen et al., 2020; Lohrberg et al., 2022). Accurately
constraining the age of tunnel valleys in the North Sea is notoriously
difficult due to a lack of datable fossils and a general paucity of bore-
holes from within tunnel valleys. Evidence for grounded ice in the North
Sea extends back to 1.87 Ma (Rea et al., 2018), potentially providing a
large range of time in which the tunnel valleys could have first been
incised. Palaeomagnetic evidence from British Geological Survey bore-
hole 77/03 (Stoker et al., 1983) allowed Stewart and Lonergan (2011) to
infer that the oldest of their tunnel valley generations mapped in the
central North Sea was younger than the Brunhes-Matuyama magnetic
reversal event at 780 ka. As six formally named cold marine isotope
stages are observed in the ocean record over this period (Cohen and
Gibbard, 2019), Stewart and Lonergan (2011) then correlated each of
their seven generations of tunnel valleys to an individual cold stage
present in the marine isotope record, with the oldest being of Elsterian
age (MIS 12). The third and fourth tunnel valley generations were
thought to represent reoccupation of valleys due to local advances and
retreats of the ice margin as part of a larger glaciation (MIS 10 or 8).
Evidence for valley reoccupation between and during subsequent gla-
ciations has also been found in both onshore and offshore records (e.g.,
Miither et al., 2012; Roskosch et al., 2015).

The additional tunnel valley generations revealed by our revised
mappings complicate this simple correlation. We offer two possible ex-
planations for the additional tunnel valley generations identified in this
study. First, the additional buried generations may represent additional
tunnel valley forming glaciations in the central North Sea that extend
further back than the Elsterian (MIS 12), as has been suggested for the
southeastern North Sea (Lohrberg et al., 2022). Further cold periods,
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younger than the Brunhes-Matuyama magnetic reversal event and older
than the Elsterian, in which tunnel valleys could have potentially formed
occurred in MIS 14, 16, and 18.

An alternative interpretation for the additional tunnel valley gener-
ations is that further tunnel valley generations were formed, filled, and
re-incised relatively quickly as part of minor retreats and readvances
during a larger glacial episode i.e., more than one generation of tunnel
valley formed per glaciation. Although rare, coupled lithological and
biostratigraphical data (Sandersen et al., 2009; Giglio et al., 2021), as
well as numerical modelling experiments (Kirkham et al., 2022) suggest
that tunnel valleys can form in just a few hundred to a few thousand
years during deglaciation. Thus, if sedimentation rates were sufficiently
high to infill the tunnel valleys rapidly after they formed, especially with
sediments that are resistant to further glacial erosion such as the very
dense sands observed in Study Area 3, it would potentially be possible to
incise a new generation of cross-cutting tunnel valleys during minor
fluctuations of the ice sheet configuration within a longer glacial period.
Episodes of abrupt climate change — Dansgaard-Oeschger events —
have been identified in ice-core records from Greenland (Bond et al.,
1993; Dansgaard et al., 1993; Andersen et al., 2004), in which temper-
atures increased rapidly by 10-15 °C from cold stadial to warmer
interstadial conditions within a few decades (Severinghaus and Brook,
1999; Huber et al., 2006; Kindler et al., 2014). These interstadial states
typically lasted for 500-2000 years before gradually cooling — similar
to the timescales required to erode tunnel valleys beneath ice sheets
experiencing significant surface melting (Kirkham et al., 2022). As the
direction of subglacial water drainage on flat and homogeneous ice
sheet beds is controlled by the surface topography of ice sheets (Shreve,
1972), we speculate that subtle reconfigurations of ice-sheet topography
during ice-sheet readvances following a Dansgaard-Oeschger event
could produce consecutive generations of tunnel valleys with different
orientations and locations within a single glacial period (Lelandais et al.,
2018).

If this latter interpretation is correct, it is interesting to note that
although the North Sea has been glaciated by grounded ice sheets for up
to 1.87 million years, the majority of tunnel valleys appear to have been
formed within the last ~500,000 years (Stewart and Lonergan, 2011;
Lee et al., 2012; Ottesen et al., 2020). This could indicate that the
dominant driver of ice-sheet retreat in this setting switched to a melt-
water intensive retreat style around 500,000 years ago, leading to the
formation of large networks of tunnel valleys in subsequent glaciations.
Ice core records from Antarctica demonstrate that there was less pro-
nounced warmth in interglacial periods prior to 430,000 years ago
(Augustin et al., 2004). Interglacials after the Mid-Bruhnes Transition at
~430,000 years ago experienced warmer temperatures, higher con-
centrations of atmospheric CO,, and an increase in the amplitude of the
100kyr climate cycles compared to earlier interglacial periods (Augustin
et al., 2004; Jouzel et al., 2007; Liithi et al., 2008). Recent statistical
analysis demonstrates that the Mid-Bruhnes Transition was a globally
synchronous phenomenon that included other components of the
climate system (Barth et al., 2018). The increased amplitude of glacial
terminations following the Mid-Bruhnes Transition may thus have
resulted in a more meltwater intensive regime than in previous glacial
terminations; this climatic change could explain why abundant tunnel
valleys began to form in the North Sea at around this time.

In either case, the greater number of tunnel valley generations pre-
sented in our revised mapping is consistent with previous analyses
which postulate that tunnel valleys can form rapidly beneath ice sheets
(Sandersen et al., 2009; Kirkham et al., 2022), and lends support to a
more complex glacial history of northwest Europe than traditionally
assumed. Further absolute dating constraints from boreholes and
shallow drilling within tunnel valleys is ultimately required to better
constrain their chronology, and therefore the glacial history of the North
Sea, with greater accuracy.
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6. Conclusions

Our study represents the most detailed attempt to characterise the
infill of buried Quaternary tunnel valleys in the central North Sea to
date. Improved regional 3D and state-of-the-art HR3D seismic data
reveal ten cross-cutting generations of tunnel valleys buried beneath the
seafloor of the central and central southern North Sea where only seven
were visible previously. Our results support models of a more complex
glacial history in western Europe than traditionally considered, and
potentially suggest that it is possible to rapidly erode and infill multiple
generations of tunnel valleys within a single glacial cycle. Further
chronological constraints from boreholes are required to confirm or
refute these hypotheses in the future.

Although the infill architecture of the tunnel valleys in the North Sea
is immensely variable, advances in the resolution of 3D seismic data
permit some subtle patterns to be drawn out which are unresolvable in
previous datasets. The number of facies distinguishable in HR3D seismic
data is similar to the number of sedimentary units described in borehole
investigations; HR3D seismic data are therefore capable of revealing the
true morphology and infill structures present within buried tunnel val-
leys. The overall pattern of tunnel valley infill in the North Sea records
decreasing ice sheet influence towards the top of the tunnel valleys and
reflects the retreat of the ice sheet margin away from the features after
they are incised. At a more subtle level, earlier tunnel valley generations
contain simpler infill architectures than later tunnel valley generations,
reflecting sedimentation during relatively gradual ice-sheet retreat with
occasional episodes of overriding by re-advancing grounded ice. Tunnel
valleys formed in more recent glaciations have more variable sedi-
mentation patterns with a higher incidence of outwash sediments,
buried subglacial landforms, and deformation structures that potentially
reflect more dynamic fluctuations of the ice margin (including read-
vances and stagnation) during valley filling and ice retreat in recent
glaciations.

Delicate subglacial landforms such as eskers and crevasse-squeeze
ridges are imaged within the tunnel valleys and imply that tunnel val-
ley formation is linked to dynamic ice-sheet behaviour in areas where
meltwater production rates are high. These landforms may contain
shallow gas accumulations that represent a geohazard for seafloor
infrastructure installation. In addition, we document instances where
salt diapirism has caused fluids to migrate upwards through faults and
into the near-surface tunnel valleys. In instances where this occurs, the
relatively porous and often highly continuous subglacial landforms
present within their infill may allow these fluids to spread laterally for
kilometres or even escape from the seafloor; this process has implica-
tions for monitoring CO, leakage pathways from sub-surface carbon
storage efforts in areas where tunnel valleys are present. Our results
underline the importance of considering tunnel valleys as regulators of
ice-sheet dynamics in models of future ice-sheet change, and the need to
survey these features at high resolution when attempting to install
infrastructure or undertake carbon capture and storage in formerly
glaciated regions.
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