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ABSTRACT

The geological record of landforms and sediments produced beneath deglaciating ice sheets offers in-
sights into inaccessible glacial processes. Large subglacial valleys formed by meltwater erosion of sedi-
ments (tunnel valleys) are widespread in formerly glaciated regions such as the North Sea. Obtaining a
better understanding of these features may help with the parameterisation of basal melt rates and the
interplay between basal hydrology and ice dynamics in numerical models of past, present, and future ice-
sheet configurations. However, the mechanisms and timescales over which tunnel valleys form remain
poorly constrained. Here, we present a series of numerical modelling experiments, informed by new
observations from high-resolution 3D seismic data (6.25 m bin size, ~4 m vertical resolution), which test
different hypotheses of tunnel valley formation and calculate subglacial water routing, seasonal water
discharges, and the rates at which tunnel valleys are eroded beneath deglaciating ice sheets. Networks of
smaller or abandoned channels, pervasive slump deposits, and subglacial landforms are imaged inside
and at the base of larger tunnel valleys, indicating that these tunnel valleys were carved through the
action of migrating smaller channels within tens of kilometres of the ice margin and were later widened
by ice-contact erosion. Our model results imply that the drainage of extensive surface meltwater to the
ice-sheet bed is the dominant mechanism responsible for tunnel valley formation; this process can drive
rapid incision of networks of regularly spaced subglacial tunnel valleys beneath the fringes of retreating
ice sheets within hundreds to thousands of years during deglaciation. Combined, our observations and
modelling results identify how tunnel valleys form beneath deglaciating mid-latitude ice sheets and have
implications for how the subglacial hydrological systems of contemporary ice sheets may respond to
sustained climate warming.
Crown Copyright © 2022 Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

accelerating (Shepherd et al., 2018, 2020; Mouginot et al., 2019;
Rignot et al., 2019). Increasing numbers of lakes on the surface of

Subglacial hydrology exerts a major control on ice-sheet dy-
namics, sedimentation rates, and landscape evolution. Currently,
mass losses from the Antarctic and Greenland ice sheets are
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the Greenland Ice Sheet are forming further inland (Leeson et al.,
2015; Gledhill and Williamson, 2017). These lakes can drain,
sometimes rapidly (e.g., Zwally et al., 2002; Das et al., 2008; Selmes
et al,, 2011; Smith et al., 2015; Chudley et al., 2019), transporting
great quantities of meltwater to the base of the ice sheet. Wide-
spread melting events have also been observed around the fringes
of the Antarctic Ice Sheet and these are predicted to increase in
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extent in the future (Scambos et al., 2000; Tedesco, 2009; Tedesco
and Monaghan, 2009; Trusel et al., 2015; Kingslake et al., 2017; Bell
et al., 2018). Subglacial hydrology will play an increasingly impor-
tant role in the fate and behaviour of these ice sheets as the climate
continues to warm. However, the subglacial hydrological system is
highly inaccessible, and models of how the subglacial drainage
system of contemporary ice sheets will adapt to future climate
warming are poorly constrained. Consequently, there is great value
in examining what we can learn about subglacial hydrology from
the demise of former ice sheets.

Some of the most striking landforms associated with subglacial
meltwater in formerly glaciated regions take the form of elongate
depressions known as tunnel valleys. Tunnel valleys typically form
on low relief beds near former ice-sheet margins and can be incised
into both unlithified sediments and bedrock (Kehew et al., 2012;
van der Vegt et al.,, 2012; Livingstone and Clark, 2016). They are
commonly hundreds to thousands of metres wide, tens to hundreds
of metres deep and form semi-regularly spaced channel networks
with spacings of ~2—9 km (Kehew et al., 2012; van der Vegt et al.,
2012; Livingstone and Clark, 2016; Ottesen et al., 2020). Tunnel
valleys are ubiquitous deglacial landforms which are observed
frequently in the geological record in both the Quaternary (e.g.,
Woodland, 1970; Wright, 1973; Mooers, 1989; Praeg, 1996; Huuse
and Lykke-Andersen, 2000; Kristensen et al., 2007; Miither et al.,
2012; Stewart et al.,, 2012; Moreau and Huuse, 2014; Montelli
et al.,, 2020) and pre-Quaternary glacial periods (e.g., Ghienne and
Deynoux, 1998; Hirst et al., 2002; Le Heron et al., 2004; Douillet
et al.,, 2012; Montelli et al., 2019). They can transport large quan-
tities of water and sediment (Livingstone and Clark, 2016) and may
play a critical role in regulating ice-stream stability during degla-
ciation by draining meltwater away that might otherwise have
reduced basal friction and increased basal sliding (Lelandais et al.,
2018). The termini of tunnel valleys are often used as markers to
locate the position of former ice margins (e.g., Wingfield, 1989;
Huuse and Lykke-Andersen, 2000; Sandersen et al., 2009; Lohrberg
et al,, 2020; Ottesen et al., 2020). In some regions, multiple gen-
erations of buried cross-cutting tunnel valleys exist; information
from which may be used to reconstruct the history of glaciations
that occurred prior to the last glacial period (Jergensen and
Sandersen, 2006; Kristensen et al., 2007; Stewart and Lonergan,
2011; Douillet et al.,, 2012; Atkinson et al., 2013; Stewart et al.,
2013; Pugin et al., 2014; Montelli et al., 2020).

Although the origin of tunnel valleys has been attributed to
erosion by pressurised subglacial meltwater for over 100 years
(Jentzsch, 1884; Ussing, 1903, 1907), the rates at which they form,
the processes involved and their impact on ice-sheet dynamics are
still subjects of intense debate (O Cofaigh, 1996; Huuse and Lykke-
Andersen, 2000; Kehew et al., 2012; van der Vegt et al., 2012).
Theories explaining tunnel valley formation can be broadly divided
into two genetic models: formation through (i) ‘outburst’ flooding
and (ii) ‘gradual’ or ‘seasonal’ incision by relatively small water
fluxes (e.g., O Cofaigh, 1996; Praeg, 1996; Kehew et al., 2012; van der
Vegt et al.,, 2012, Fig. 1).

Due to their large dimensions and extensive geographical dis-
tribution, many authors have suggested that large volumes of water
must have been involved in tunnel valley formation. This has led to
a proposed mechanism in which outburst floods from trapped,
subglacially stored reservoirs erode large volumes of material
rapidly under high discharges (e.g., Wright, 1973; Wingfield, 1990;
Piotrowski, 1994; Cutler et al.,, 2002; Jorgensen and Sandersen,
2006). The water reservoirs for these floods may reside in subgla-
cial basins or be trapped behind frozen toes of permafrost near the
ice margin, releasing water as the ice edge retreats (Fig. 1A;
Piotrowski, 1994).

The magnitude of flooding, or the number of flood repetitions
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required for tunnel valley genesis, is not well constrained. Repeated
low to moderate magnitude floods that reoccupy the same narrow
meltwater pathway, potentially during multiple glaciations, have
been offered as an explanation for the superposition of smaller
channel infill structures within larger tunnel valley tracts
(Jergensen and Sandersen, 2006; Sandersen et al, 2009). In
contrast, much larger discharges capable of forming entire net-
works of tunnel valleys in massive sheet floods have also been
proposed (e.g., Shaw and Gilbert, 1990; Brennand and Shaw, 1994)
but this hypothesis is not widely accepted due to the enormous
quantities of water required and absence of supporting evidence in
the distal sedimentary record (O Cofaigh, 1996).

The alternative group of hypotheses proposed to explain tunnel
valley formation build around the concept that tunnel valleys are
formed incrementally by meltwater flowing under steady-state
conditions rather than catastrophically, allowing their extensive
incisions to build up time-transgressively. Theories comprising this
hypothesis focus around the seasonal propagation of surface
meltwater to the bed through an efficient supra-to-subglacial
drainage system connection (Fig. 1B), or sediment creep into a
low pressure channel driven by high basal porewater pressures
alone (Fig. 1C). Both of these mechanisms imply that meltwater
pathways remained relatively stable in space in order for smaller
water discharges to gradually incise a large tunnel valley, poten-
tially aided by the enlargement of the upper valley cross section by
ice (Huuse and Lykke-Andersen, 2000; Kehew et al., 2012; van der
Vegt et al., 2012). Pervasive slumping of the tunnel valley flanks
may also have enhanced the lateral expansion of the tunnel valleys
(Prins et al., 2020; Kirkham et al., 2021).

In the sediment-creep hypothesis (e.g., Shoemaker, 1986;
Boulton and Hindmarsh, 1987; Mooers, 1989), headward erosion of
a small conduit by piping is triggered in response to increased
porewater pressures caused by insufficient evacuation of meltwater
from the subglacial environment (Fig. 1C). As fluid pressures within
the conduit are lower than in the surrounding bed, groundwater
flows towards the conduit via steady-state Darcian flow, causing
the conduit to enlarge into a tunnel valley as sediment is eroded
from the channel walls (Boulton and Hindmarsh, 1987). Once
established, the conduit may tap into upstream subglacial lakes,
further enlarging the channel through outburst flooding (Hooke
and Jennings, 2006).

Alternatively, the seasonal input of supraglacial, rather than
basal, meltwater to the bed of the ice sheet may gradually incise
tunnel valleys (Fig. 1B). Analogues from the present-day Greenland
Ice Sheet demonstrate that large volumes of meltwater are mobi-
lised during the ablation season; these are transported to the bed
through connections such as moulins and crevasses on the ice-
sheet surface (Bartholomew et al., 2011; Tedesco et al., 2013;
Smith et al., 2015; Banwell et al., 2016; Koziol et al., 2017; Koziol and
Arnold, 2018). Similar, and probably even more extensive, surface-
to-bed hydraulic connections were likely present across the surface
of former mid-latitude ice sheets as they deglaciated, providing a
water source to facilitate tunnel valley incision.

The steady-state body of hypotheses require less specific cir-
cumstances than the ‘outburst flood’ hypotheses, such as not
needing to invoke large subglacial lakes or permafrost trapping of
water. Thus, this formative mechanism is appealing given the
widespread geographical distribution of tunnel valleys (Kehew
et al., 2012; van der Vegt et al., 2012). Nevertheless, steady-state
formation hypotheses have often been disregarded because of the
assumption that channels hundreds of metres deep and kilometres
wide must require huge discharges in order to form rapidly.
However, recent research utilising numerical models of erosion
from subglacial water flow and stratigraphic investigations has
challenged both of these assumptions.
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Fig. 1. Previously proposed mechanisms of tunnel valley formation. (A) Catastrophic formation via outburst flooding from subglacial lakes trapped behind a frozen toe of
permafrost. High water discharges and bankfull flow conditions result in the deposition of an outwash fan containing large boulders at the ice-sheet terminus. (B) Steady-state
formation close to the ice margin, with water sourced from surface melting, resulting in the formation of regularly spaced tunnel valley networks. Surficial streams drain melt-
water to the ice-sheet bed where smaller channels, possibly arranged in a braided structure, gradually incise a larger valley. (C) Gradual headward growth by sapping, possibly
towards subglacial lakes trapped upstream. Tunnel valleys grow as sediment deforms into the low pressure channel, and sediment is removed by the transport of meltwater

towards the ice-sheet terminus.

Sandersen et al. (2009) used lithological and biostratigraphical
data from northern Denmark to constrain the age of tunnel valleys
formed during the recession of the Late Weichselian Eurasian Ice
Sheet across this region. The tunnel valleys were incised during
temporary stillstands of the retreating ice-sheet margin between
~19 ka and 18 ka, leaving only a few hundred years at each ice-
margin position for the features to form (Sandersen et al., 2009).
The formation of a series of ~1—2 km wide, 5—10 km long and up to
180 m deep valleys within a few hundred years demonstrates rapid
incision of the tunnel valleys near the ice-sheet margin. Similarly,
Giglio et al. (2021) inferred that the maximum time available to
carve an extensive system of tunnel valleys into lithified bedrock in
the Celtic Sea during the last glacial period was ~1—2 kyrs. Erosive
meltwater drainage occurred concurrently with a period of rapid
retreat of the Irish Sea Ice Stream across the continental shelf
(Giglio et al., 2021). These studies provide observational bench-
marks against which theories of tunnel valley formation can be
tested.

Sandersen et al. (2009) invoked repeated outbursts of meltwater

along narrow conduits to explain the rapid formation of the tunnel
valleys in northern Denmark. However, recent numerical modelling
by Beaud et al. (2018) suggests that small-magnitude discharge
events in the form of seasonal influxes of meltwater from the ice-
sheet surface can excavate large channels (100s m wide and
10s m deep) into bedrock over thousands of years (Beaud et al.,
2016, 2018). Whilst their model is applicable only to the erosion
of bedrock channels, and different governing equations would be
needed to test these findings on poorly consolidated sediments
(e.g., Walder and Fowler, 1994), these model results challenge the
assumption that high-magnitude subglacial discharges are neces-
sary to erode large tunnel valleys rapidly beneath the margins of
deglaciating ice sheets. The results of Sandersen et al. (2009) and
Beaud et al. (2018) warrant further investigation of the minimum
seasonal meltwater discharges required to erode tunnel valleys into
poorly consolidated sediments over hundreds of years. This will
help to establish which formation process is most likely, and may
elucidate the impact that tunnel valley formation has on ice-sheet
dynamics (van der Vegt et al., 2012).
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In this study, we attempt to answer these questions using an ice-
sheet modelling approach informed by new geomorphological
observations from high-resolution 3D seismic analyses of tunnel
valley morphology. We quantify possible water fluxes and erosion
rates beneath deglaciating ice sheets and use these calculations to
test previously proposed hypotheses of tunnel valley formation.

2. Methods

In this study, we simulate subglacial water fluxes and routing
beneath the last British-Irish and Fennoscandian ice sheets to
provide greater understanding of tunnel valley formation in the
North Sea. It is important to note that the tunnel valleys present in
this region are largely attributed to glaciations which occurred
prior to the last glacial period (particularly the Elsterian Glaciation;
430—450 ka), although some examples from the last glacial period
do exist (e.g., Sandersen et al., 2009; Giglio et al., 2021). We
deliberately choose to focus on modelling water flow during the
last glacial period because the ice-sheet geometries and climate
forcings are considerably better constrained than those of earlier
glaciations (e.g., Svendsen et al., 2004; Batchelor et al., 2019;
Gowan et al., 2021). Accordingly, this study does not aim to provide
a realistic representation of the water routing beneath the ice
sheets that formed the majority of tunnel valleys in this region.
Instead, we assume that the ice sheets present during the last
glacial period can provide physically plausible constraints on the
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ice-sheet geometries and climatic conditions experienced during
previous glaciations when most tunnel valleys formed. We use
these relatively well-constrained boundary conditions to quantify a
realistic range of water fluxes, melt rates and timescales of channel
incision which inform about processes of tunnel valley formation.

2.1. Detailed channel morphology from high-resolution 3D seismic
data

We frame our water routing and erosion modelling experiments
in the context of detailed geomorphological observations derived
from high-resolution 3D (HR3D) seismic data. HR3D seismic data
are capable of revealing intricate morphological details of buried
landforms and deposits, many of which cannot be resolved using
conventional 3D seismic methods (Kirkham et al., 2021). These
previously unseen details provide new insights into incision pro-
cesses, realistic water fluxes and the mode of meltwater drainage
within the tunnel valleys.

We examined seven HR3D seismic datasets in the central North
Sea (Fig. 2; Kirkham et al., 2021) covering a combined area of
~67 km? and containing a total of 23 tunnel valleys. The acquisition
system comprised two 1200-m-long streamers towed 3 m beneath
the sea surface with 96 hydrophone groups at 12.5 m spacing, a
6.25 m shot interval and a 1-ms sample rate (Games, 2012). The
seismic source was two 160-in> (2.62 L) sleeve airgun clusters. Data
processing included swell noise attenuation, tide correction,

10° E
- 60° N
1000 km
k Scandinavia
55° N
NW Europe
O HR3D seismic dataset @ Borhole 50° N

1
10°E

Fig. 2. 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), in relation to the high-resolution 3D (HR3D) seismic datasets (orange squares) and boreholes (red circles) used in this study. Best estimate former ice
margin positions for the Last Glacial Maximum (LGM), Saalian Glaciation (MIS 6), and Elsterian Glaciation (MIS 12) are shown from Batchelor et al. (2019). Regional bathymetry is
from GEBCO (https://www.gebco.net). (B) Extent of the modelling domain used in this study. (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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multiple suppression, two passes of velocity analysis run at 250 x
250 m intervals, normal-moveout correction, bandpass filtering
(20—250 Hz), stacking, and migration. 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, a vertical resolution of ~4 m, and a detection limit
for depth changes along individual reflectors of ~0.5 m (King, 2020;
Kirkham et al., 2021).

The base, sides, and internal fill packages of each tunnel valley
were mapped and laterally traced through the HR3D seismic vol-
umes using S&P Global Kingdom Software. Picking of seismic ho-
rizons was largely conducted manually on a seismic line-by-line
basis because automated picking algorithms struggled to follow the
complex tunnel valley shapes. The mapped tunnel valley seismic
horizons were converted from two-way travel time (TWT) to depth
using a velocity of 1900 m s~!, which is appropriate for the Pleis-
tocene sediments in this region (Kristensen and Huuse, 2012).
Characteristic morphological measurements such as width, depth
and cross-sectional area were then derived for each tunnel valley.

2.2. Modelling subglacial water flux and routing

2.2.1. BRITICE-CHRONO ice sheet modelling data

The geometry, thickness, surface slope, and the basal and sur-
face melt rates of the last British-Irish Ice Sheet were derived from a
series of palaeo ice-sheet reconstructions produced using the Par-
allel Ice Sheet Model (PISM) as part of the BRITICE-CHRONO project
(Clark et al.,, 2021; Clark et al, In review). PISM is a three-
dimensional, thermomechanical ice-sheet model constrained by
geological observations which combines shallow-ice and shallow-
shelf approximations for grounded ice to capture dynamic ice
behaviour (Winkelmann et al., 2011). The model was run at a high
horizontal resolution of 5 km, with a domain which covers the
British Isles and parts of Scandinavia (Fig. 2B), to capture the
interaction between the British-Irish and Fennoscandian ice sheets.

Climate was prescribed using the glacial index method (e.g.,
Marshall et al, 2000; Tarasov and Peltier, 2004; Zweck and
Huybrechts, 2005; Niu et al., 2019), whereby climate was scaled
along the Greenland ice core record between different 1 kyr climate
reconstructions derived from the PMIP3 simulations and palae-
ogeographical maps (Clark et al, In review). Temperature and
precipitation from the index approach were converted into surface
mass balance through a positive degree day model. For areas of the
ice sheet with a negative surface mass balance, the mass balance
values were converted into surface melt rates and added to the
steady-state basal melt rate derived from geothermal and frictional
strain heating (Cuffey and Paterson, 2010). Geothermal heat flux
varied spatially and was compiled from data collected by the British
Geological Survey and Geological Survey Ireland (see Gandy et al.,
2019). This combined melt rate was then used to calculate the
subglacial water flux at each grid cell. Following widespread ob-
servations of surface meltwater draining to the base of the modern-
day Greenland Ice Sheet (e.g., Bartholomew et al., 2011; Andrews
et al., 2014; Smith et al., 2015; Banwell et al., 2016; Koziol et al.,
2017; Nienow et al., 2017), we make a first-order assumption that
all surface melt water propagates to the bed of the ice sheet, rather
than flowing to the margin in supraglacial streams, for the deglacial
scenarios considered here. We justify this assumption given the
very high proportion of surface runoff that was observed to enter
the subglacial hydrological system of the contemporary Greenland
Ice Sheet through moulins fed by supraglacial streams during an
extreme melt event in 2012 (Smith et al., 2015); conditions that
may be analogous to the meltwater transport regime experienced
during deglaciation.
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Model outputs were taken at four timeslices (27 ka, 21 ka, 19 ka,
and 18 ka) to investigate changes in subglacial discharge and water
routing as the last British-Irish and Fennoscandian ice sheets
deglaciated. Modern topography of the North Sea and surrounding
landmasses was taken from the EMODnet digital bathymetry
dataset (EMODnet Bathymetry Consortium, 2018), which has a grid
spacing of ~115 m. These modern topographic data were corrected
for isostasy by applying the results of a new glacial isostatic
adjustment model of the British Isles and northwest Europe that is
constrained by geomorphological and geochronological data
collated by the BRITICE-CHRONO consortium, the DATED-1 project,
and a recently updated regional sea-level database for the last 20
kyr (Bradley et al., 2018). The model accounts for far field sea-level
effects (e.g., gravitational attraction, different glacial histories) and
near field ice loading.

2.2.2. Subglacial water routing

Water routing over the ~2,750,000 km? model domain was
modelled using an upstream area algorithm (Arnold, 2010) that has
been adapted for subglacial water routing (e.g., Willis et al., 2016;
Kirkham et al., 2019). The direction that water is routed beneath ice
masses is controlled by gradients of subglacial hydraulic potential
(Shreve, 1972). The subglacial hydraulic potential, ¢, of water
flowing beneath an ice sheet is a function of bed topography and ice
thickness:

@ =pygh + kpigZ (1)

where p,, and p; are the densities of water and ice (kg m3),
respectively, g is the acceleration due to gravity (m s2), h is bed
elevation (m), Z is ice thickness (m) and k is a dimensionless
parameter (referred to as the uniform floatation factor) that rep-
resents the ratio between subglacial water pressure and ice over-
burden pressure (Table 1). The value of k varies both spatially and
temporally depending on the quantity of meltwater input from the
surface, basal ice temperature, the character of the subglacial
drainage system and the properties of the underlying substrate
(Shreve, 1972; Andrews et al., 2014). In this study, we employ a k-
value of 0.925. This value has been shown to be realistic when
averaged over an entire melt-season, according to empirical studies
from several sectors of the Greenland Ice Sheet (Banwell et al.,
2013; Lindback et al.,, 2015), and has been used previously to
model water flow beneath the former Scandinavian and Barents
Sea ice sheets (Shackleton et al., 2018).

The routing algorithm passes the cumulative subglacial water
flux, derived from the sum of surface and basal melting from the
ice-sheet model, downstream from cell to cell until the routing
algorithm reaches the edge of the digital elevation model (DEM).
This allows the direction and the steady-state subglacial water
discharge in each DEM cell to be calculated (Arnold, 2010; Willis
et al., 2016). Subglacial water routing across the isostatically cor-
rected bed of the former ice-sheet complex was conducted at a
1500-m resolution, whilst detailed model runs used for calculating
tunnel valley erosion rates (Section 2.3) were conducted around the
fringes of the ice sheet at a 50-m resolution.

2.2.3. Tunnel valley carrying capacity

In addition to calculating the steady-state discharges resulting
from basal and surface melting, we calculate the maximum car-
rying capacity of the tunnel valleys based on their cross-sectional
area (Walder, 1986; Wingham et al., 2006; Jordan et al., 2010).
The maximum discharge capable of being carried by a channel,
Qmax (m? s71), is equal to:
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Table 1
Definitions, values and sources of parameters used throughout the text.

Quaternary Science Reviews 323 (2024) 107680

Symbol Parameter Value [units] Source

Qe Channel geometry factor 5500—233,000 [unitless] Carter et al. (2017); HR3D seismic measurements
4 Sediment concentration in water 1500 mg L~! Observations from flood stage rivers (Williams, 1989)
D Deposition rate [ms~] Model output
Dqs 15th percentile grain size 0.01-0.1 mm Borehole measurements; Fig. 3
E Erosion rate [ms!] Model output
fec Channel roughness parameter 0.07 m23 52 Carter et al. (2017)
g Acceleration due to gravity 9.81 ms? Constant
h Bed elevation [m] BRITICE-CHRONO model output (EMODnet Bathymetry Consortium and Consortium, 2018)
k Uniform floatation factor 0.925 [unitless] (Banwell et al., 2013; Lindback et al., 2015; Shackleton et al., 2018)
Kq Erosion constant 0.1 [unitless] Walder and Fowler (1994)
Ky Deposition constant 6 [unitless] Walder and Fowler (1994)
m Manning coefficient 0.025mPs Constant
Di Density of ice 918 kg m—3 Constant
Ds Density of sediment 2150 kg m—> Borehole measurements
Dw Density of water 1000 kg m—3 Constant
Qmax  Maximum tunnel valley carrying capacity [m> s~'] Calculated
S Channel cross-sectional area [m?] HR3D seismic measurements
Tee Channel bed shear stress [Pa] Calculated
Tk Critical shear stress [Pa] Calculated
Uc Channel flow velocity [ms~!] Water routing model output
Hyy Viscosity of water 1.78 x 103 Pa s Constant
s Mean sediment settling velocity [ms™1] Calculated
Z Ice thickness [m] BRITICE-CHRONO model output
@ Hydraulic potential [Pa] Calculated from BRITICE-CHRONO model output
%4 Hydraulic potential gradient [Pam™] Calculated from BRITICE-CHRONO model output
) calculated as:
1 / 2
Qs =2(3)'$m 1 (1) (2)
2 pwg

where S is the cross-sectional area (m?) of a channel, ¢’ is the hy-
draulic potential gradient, and m is the Manning coefficient (m*”
3 5) describing the internal roughness of the channel. Representa-
tive channel cross-sectional areas were derived from measure-
ments of a selection of tunnel valleys imaged in the HR3D seismic-
reflection data.

2.3. Modelling tunnel valley erosion

2.3.1. Erosion model

To better constrain the fluxes of water and the time required to
incise tunnel valleys downwards into poorly consolidated sedi-
ments, like those of the North Sea Basin (e.g., Ziegler, 1990; Huuse
and Lykke-Andersen, 2000; Lamb et al., 2018), we apply a model of
subglacial channel erosion into a deformable substrate developed
by Carter et al. (2017), based on the work of Walder and Fowler
(1994). This model has been used previously to simulate the for-
mation of channels through subglacial lake drainage beneath the
Antarctic Ice Sheet (Carter et al., 2017), and to estimate incision
rates of large subglacial channels in the Green Bay Lobe, Wisconsin,
during the last glacial period (Zoet et al., 2019). The model calcu-
lates the balance between the water-driven erosion of the base and
walls of a soft-bedded subglacial channel and the sediment depo-
sition rate within the channel, estimated using Stokes’ settling law
(Walder and Fowler, 1994). A viscous substrate rheology was
invoked in Walder and Fowler (1994) and Carter et al. (2017) to
simulate till flux into the channel, which acts to offset a portion of
the mass loss due to water erosion. However, this rheology is
inconsistent with laboratory data, numerical experiments and field
studies (e.g., Iverson et al., 1998; Tulaczyk et al., 2000a, 2000b;
Iverson et al., 2007; Damsgaard et al., 2017; Zoet and Iverson,
2020). Accordingly, we follow Zoet et al. (2019) and omit the
viscous portion of the model here.

The erosion rate (m s~ !), E, of a sedimentary channel is

E- K <£) (—max(T“ s 0))% 3)
Occ g(ps — pw)D15

where vs is the mean sediment settling velocity, K; is an erosion
constant (Walder and Fowler, 1994), 7. is the channel bed shear
stress, 7y is the critical shear stress at the base of the channel, D5 is
the 15th percentile grain-size diameter of the sediments carried
within the flowing water, p; is the density of sediment, p,, is the
density of water, and . is a channel geometry correction factor
which can be approximated as (width/depth)? (Carter et al., 2017).
We derive a. from measurements from our HR3D seismic data, and
investigate a range of D5 values guided by the grain-size distri-
bution of tunnel valley infill sediments sampled from boreholes in
the North Sea and western Europe (Figs. 2 and 3; Benvenuti et al.,
2018; Peterson et al., 2018).

The rate of sediment deposition within the channel, D (m s~ 1),
is:

Qe \/ Tec

where K; is a deposition constant (Walder and Fowler, 1994) and ¢
is the sediment concentration in subglacial waters which, following
Zoet et al. (2019), we estimate from measurements of sediment
concentrations in flood-stage rivers (Williams, 1989).

Following Carter et al. (2017), T¢c, T¢, and vs are estimated as:

(4)

1
Tec= ’gfccpwucz (5)
T =0.025D158(ps — pw) (6)
US:Dlszz(ps _pw)g (7)

My
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Fig. 3. Distribution of grain sizes from boreholes drilled into the infill of tunnel valleys
in the central-northern North Sea, the southern North Sea (Benvenuti et al., 2018), and
southern Sweden (Peterson et al., 2018). See Fig. 2A for borehole locations. The hori-
zontal grey line indicates the 15th percentile of grain size used as a model parameter
(D1s) in the water erosion simulations. The grain-size distributions for tunnel valleys in
the central-northern North Sea were derived from geotechnical boreholes acquired in
an area of HR3D seismic data coverage.

where f.. is a channel roughness parameter (Carter et al., 2017), uc¢
is the channel water velocity and p,, is the viscosity of water.
Many of the parameters governing the balance between erosion
and deposition within the tunnel valleys can be constrained from
the HR3D seismic data or from boreholes drilled into the tunnel
valleys (Table 1), increasing our confidence in the calculated values

of E and D. Nonetheless, some of our model parameters remain
loosely constrained and thus we treat these rates as order of
magnitude estimates to assess the likely timescales in which tunnel
valleys form.

2.3.2. Testing scenarios of tunnel valley formation: outburst floods
versus steady seasonal melt supply

We test two scenarios of tunnel valley formation by varying the
magnitude and duration of meltwater input into the erosion model:

(i) Outburst flooding: we use the hydrograph from the 1938
jokulhlaup at Grimsvotn (Bjornsson, 1992) to simulate the
erosive impact of a short, high magnitude outburst flood
spread across a wide (500-m or 1000-m) channel. This
flooding event released ~4 km?> of water over ~10 days,
attaining peak discharges of ~20,000 m> s, We also upscale
this flood hydrograph to simulate the drainage of a larger 15-
km?> lake over the same time period, attaining peak flow
discharges of ~80,000 m> s~ These hydrographs represent
some of the largest subglacial floods documented in obser-
vational records (Gudmundsson et al., 1995; Bjornsson,
2002).

(ii) Seasonal surface drainage: total annual surface melt, added
to the steady-state basal melt rate from geothermal and
frictional strain heating (~0.01-0.06 m yr~'), is input over a
4-month period to mimic the seasonal input of surface
meltwater to the ice-sheet bed over an ablation season, such
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as is observed on the contemporary Greenland Ice Sheet (e.g.,
Banwell et al., 2016; Koziol and Arnold, 2018). When input
into the subglacial hydrological system, water is routed
within smaller 100-m wide channels.

We apply the erosion model to the areas of the ice sheet that
experienced surface melting and assume that all supraglacial
meltwater propagates to the bed for the seasonal drainage scenario.
Although surface meltwater can propagate to the bed through a
variety of mechanisms which operate at different rates such as
hydrofracturing, seasonally open moulins or through crevasses, we
account for these processes in a simplified way by inputting surface
meltwater at individual grid cells randomly distributed across the
area where surface melting is predicted to occur. These input cells
essentially operate as synthetic moulins distributed across the ice-
sheet surface. The volume of surface meltwater input through each
moulin is scaled so that moulins in areas of more negative surface
mass balance receive a higher proportion of the total surface melt.
For the seasonal scenario, a moulin density of 0.2 km~2 was chosen
based on the observed distribution of moulins on the ablation zone
of present-day Greenland during the summer melt season (Zwally
et al., 2002; Colgan and Steffen, 2009; Banwell et al., 2016). Sensi-
tivity of the model to moulin density was tested using densities of
0.05—0.8 km~2; however, this parameter was found to have little
impact on the overall magnitude of subglacial discharge down-
stream (discharge typically varied by +12—20%, partly due to the
randomised placement of moulins).

Our modelling approach assumes that the British-Irish and
Fennoscandian ice sheets underwent substantial surface melting
during deglaciation. This assumption is justified because modelled
deglacial mass balances around the ice-sheet fringes are negative
and are of the same order of magnitude as those recorded from
regions of present-day Greenland where substantial surface melt
features are known to drain to the bed (e.g., Zwally et al., 2002; Das
et al., 2008; Colgan and Steffen, 2009; Selmes et al., 2011; Leeson
et al., 2015; Chudley et al., 2019; Mouginot et al., 2019).

A nested modelling approach was taken whereby subglacial
water fluxes resulting from basal melting within the interior of the
ice sheet were first calculated at a 1500-m resolution. The steady-
state discharges resulting from basal melt were then input to the
edges of a high-resolution 50-m grid covering the ice-sheet abla-
tion zone. Subglacial discharges generated from basal melting were
added to the water input derived from surface melt and routed
through the finer-scale grid. The resulting subglacial discharges
were then used to calculate tunnel valley erosion rates using
equations (3) and (4). Water inputs from surface melting were
typically 3—5 orders of magnitude greater than those from basal
melting in the ablation zone of the ice sheet.

We chose to conduct a high-resolution (50-m grid) water
routing case study over northern Denmark as the chronology of
Weichselian tunnel valley incision is well constrained there
(Sandersen et al., 2009). This chronological information allows us to
test the different models of tunnel valley formation and to inves-
tigate which mechanism can achieve the rapid incision rates
inferred for 18—19 ka (Sandersen et al., 2009). An initial model run
was conducted to assess broad-scale water routing pathways. We
assume that water routed along these pathways will erode chan-
nels over time (concurrent with palaeo observations; e.g., Mooers,
1989; Praeg, 1996; Kehew et al., 2012), and define the maximum
length of the channels as the limit at which channelised subglacial
discharge no longer exceeds 20 times the average value of the
neighbouring cells. Artificial channels with specified widths of
100 m, 500 m and 1000 m were then incised by ~30 m into the
isostatically-corrected bed topography. These depressions route the
majority of the input meltwater into these channels, allowing us to
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calculate erosion rates within the channels and to test different
formation hypotheses relating to water discharge, flow duration
and channel size.

3. Results
3.1. Tunnel valley morphology and discharge

The seven HR3D datasets from the North Sea image 23 cross-
cutting elongate incisions, previously interpreted as tunnel val-
leys (Kirkham et al., 2021). The tunnel valleys are 300—3000 m
wide, up to 300 m deep, 10,000—100,000 m? in cross-sectional area,
with typical side slopes of 15—40°. The valleys are generally 5—10
times wider than they are deep. Many tunnel valleys are charac-
terised by a narrow V-shaped base and a wider upper cross section
(Fig. 4A). Terraces are sometimes present adjacent to the boundary
of the V-shaped incision. Several tunnel valleys also contain chaotic
and displaced reflections at their sides and bases, which correspond
to slumping and faulting along the sides of the features (Fig. 4B).
Where present, the slumps constitute between ~8 and 41% of the

Quaternary Science Reviews 323 (2024) 107680

tunnel valley infill by cross-sectional area and have slope angles at
their outer boundaries of 10—42°.

The mass movements present within the tunnel valleys are
sometimes associated with subtle curvilinear ridges which appear
as distinct anomalies in seismic coherence attribute analyses
(Fig. 5A and B). The ridges have symmetrical cross-sections, are
often cuspate or sinuous in form, and run parallel to the tunnel
valley edges. Two subsets of ridge types are identified: the first are
5—8 m high, ~80 m wide and up to 1500 m long (Fig. 5F). They occur
towards and along the edges of the tunnel valleys. The second type
of ridge is similar in morphology but is lower in amplitude at <2 m
high, 20—50 m wide and up to 600 m long, with an intra-ridge
spacing of ~60 m (Fig. 5F). This type of ridge occurs further from
the tunnel valley centre than the first subset of ridges. Sharp and
continuous breaks in the seismic reflections beneath the ridges
demonstrate that these landforms represent the top surface of
retrogressive rotational slope failures within the tunnel valleys
(Fig. 5C). Their morphology is nearly identical to the so-called
‘glacial curvilineations’ (GCLs) identified in Poland and in North
America (Fig. 5D, E, 5F; Lesemann et al., 2010; Clark and
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Fig. 4. Tunnel valley morphology imaged using high-resolution 3D seismic data. (A) Cross cutting tunnel valleys with a V-shaped base and broader upper cross section. The
tunnel valleys contain features such as eskers within their infill, sediment slumps along their sides and sometimes contain terrace-like features like the one shown here near the
base of the valley. (B) Examples of substantial mass movements contained within a tunnel valley. Boxplots indicate the proportion of tunnel valley infill comprised of slumped
material and the slope angles of mass movements found within the tunnel valleys. Vertical exaggeration (VE) is 4 x in (A) and 7 x in (B). TWT — two-way travel time.
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of seismic coherence at 290 ms TWT displaying curvilinear seismic anomalies (GCLs)

along the sides of a tunnel valley in high-resolution 3D seismic data. (B) Oblique view of a picked seismic surface displaying GCLs and rotational slump scars along the tunnel valley

sides. (C) Seismic section displaying the location of GCLs, slump deposits and faulting (semi-
America identified by Clark and Livingstone (2018) using the USA's national elevation dataset
GCLs present within the tunnel valley compared to terrestrial examples in North America.

Livingstone, 2018; Adamczyk et al., 2022), leading us to propose
that these are the first subsurface examples of these features to be
identified.

The tunnel valleys identified in the HR3D seismic data are
characterised by undulating thalwegs (Fig. 6A) and sometimes
contain smaller channels, both individual and organised in net-
works, incised into their bases (Fig. 6A, B, 6C). When organised in

transparent lines) within the tunnel valley. (D, E) Examples of terrestrial GCLs in North
(NED) (http://nationalmap.gov/elevation.html). (F) Profiles of relative height across the

networks, these smaller channels diverge around bar-like features
that are 55—540 m long and 30—165 m wide; the bars are typically
narrower than the channels which intersect them. Most of the
smaller channels present within the tunnel valleys are 80 m wide
and ~6 m deep on average, although some attain widths of up to
250 m and depths of 15 m; they are typically ~5—10 times narrower
and 3—15 times shallower than the tunnel valleys in which they are
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Fig. 6. Smaller channel systems comprising the base of some tunnel valleys. (A) Base of a tunnel valley displaying smaller channelised V-shaped incisions which diverge around
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valley also contains subglacial landforms buried midway within its infill (see Fig. 3C in Kirkham et al., 2021). (C) Overdeepened channel system at the base of a tunnel valley

demonstrating abandonment of a previous channel.

located. These smaller channels are relatively straight with sinu-
osity indexes <1.4, and sometimes appear to have been abandoned
in favour of a more recently incised channel (Fig. 6A and C). Under
ice-surface slopes typical of the margins of contemporary and
palaeo ice sheets, these smaller channels present at the base of
some valleys could carry discharges of up to 18,000 m> s~ if filled
to the bankfull level. In contrast, the entire tunnel valley structures,
being several orders of magnitude larger in cross-sectional area,
could potentially carry discharges of 0.5—2 x 107 m> s~ if filled to
their bankfull capacity.

At the resolution of the HR3D seismic data, the tunnel valleys do
not contain any evidence for streamlined ice flow, such as glacial
lineations, at their bases or within their infill. However, in one
HR3D seismic dataset, elongate bedforms are present adjacent to a

10

tunnel valley (Fig. 7A and B). The bedforms are <8 m high, up to
130 m wide (average = 58 m) and taper with distance away from
the tunnel valley (Fig. 7B and C). They are up to 650 m long
(average = 404 m) but extend beyond the boundaries of the HR3D
seismic datasets in some cases, making their true length difficult to
assess. The bedforms are distinct from GCLs as they are oriented
oblique rather than parallel to the tunnel valley sides, are less
sinuous in form, and taper with distance away from the tunnel
valley. Their tapered morphology and elongation ratios of 5—10:1
are similar to other streamlined subglacial bedforms such as crag-
and-tails or drumlins (Ely et al., 2016; Fransner et al., 2016), indi-
cating that they are the imprint of fast-flowing ice over the sub-
strate (Stokes and Clark, 2002). The continuation of the seismic
reflection corresponding to the streamlined bedforms within the
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reflection midway within the tunnel valley infill.

tunnel valley possibly suggests that they formed at a time when the
tunnel valley was operating (Fig. 7D).

3.2. Modelled water routing

Fig. 8 shows the steady-state subglacial water discharges for the
British-Irish and Fennoscandian ice sheets as they grow, coalesce,
and the retreat across the North Sea between 27 ka and 18 ka. A
large proportion of the ice-sheet bed is predicted to be at the
pressure melting point, except at the 21 ka full-glacial time when
the majority of the bed beneath the ice sheet in its interior is frozen
(white areas). Basal melt rates are, unsurprisingly, predicted to be
greatest along fast-flowing ice streams that drain the interior of the
ice sheets, attaining rates of 10—60 mm yr~!; these rates are similar
to basal melt rates predicted beneath Antarctic ice streams during
the Last Glacial Maximum (Golledge et al., 2012, 2013).

The relatively smooth inferred topography of the central North
Sea Plateau provides few opportunities for water to pool, although
some water ponding does occur in the Norwegian Channel and in
some locations around the terrestrial margins of the UK (Fig. 8).
Instead, hydraulic potential gradients force water towards the ice-
sheet margins, forming long dendritic to linear channel networks
which flow away from the main ice sheet accumulation centres.
Large basal topographic features, such as the Norwegian Channel,
also act to steer subglacial water flow. The main pathways of water
routing remain relatively consistent throughout deglaciation
(Fig. 8).

The ice-sheet configuration at 27 ka, during ice-sheet build-up,
is characterised by low subglacial water discharges of <0.01 m> s~!

1

in its interior where water is derived from basal melting alone.
Some surface melting occurs around the fringes of the ice sheet,
yielding steady-state subglacial discharges of 1-2 m> s~! if the
surface meltwater is assumed to propagate continuously to the bed
(Fig. 8A). Similarly, little to no basal melting is predicted for the
interior of the ice sheet during the Last Glacial Maximum at 21 ka,
when grounded ice extends fully across the North Sea. Subglacial
discharges are <1 m® s~! around the ice sheet periphery despite the
cumulative basal melt flux being routed there over long distances
from the interior. However, steady-state subglacial discharges at 21
ka increase by orders of magnitude in areas where surface melting
is predicted to occur, reaching 5—10 m> s~ in some areas around
the fringes of the ice sheet (Fig. 8B).

The extent and magnitude of melting increases as the ice sheet
begins to deglaciate at 19 ka, resulting in subglacial discharges of
5-15 m> s~! in areas of prominent surface melting (Fig. 8C). Sub-
stantial surface melting around the fringes of the retreating ice
sheet occurs at 18 ka, generating steady-state subglacial discharges
of 10-100 m> s~ ! near the ice-sheet margin (Fig. 8D). Basal melt
rates remain similar to other timeslices. Where present, subglacial
discharges of water concentrated into channelised flow paths are
generally <1 m? s—! across the interior, whereas water is routed
along the Norwegian Channel at rates of 5-10 m> s~ . In the higher
resolution case study region of northern Denmark (Fig. 9), our
analysis reveals that meltwater inputs from the surface, combined
with basal melt passed down from the wider catchment, forms
networks of 10—70 km long channels (Fig. 9C) that are semi-
regularly spaced ~1—12 km apart (Fig. 9D).
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Fig. 8. Modelled water flow paths and fluxes beneath the British-Irish and Fennoscandian ice sheets. Subglacial water routing and discharge beneath grounded ice calculated at
a 1500-m grid resolution at (A) 27 ka, (B) 21 ka, (C) 19 ka, and (D) 18 ka before present day timeslices. Areas of cold-based ice are displayed in white. Stippled grey line indicates the
continental shelf break. Inset red boxes display the location of the high-resolution (50-m) model runs conducted across the northern Denmark for each timeslice. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.3. Tunnel valley erosion

3.3.1. Erosion from seasonal surface drainage
Erosion rate experiments were run over the regions of northern
Denmark shown in Figs. 8 and 9A where the high-resolution

modelling (50-m grid) of subglacial water flow was conducted. In
the seasonal surface drainage scenario, we assume that all melt-
water propagates to the bed of the ice sheet over a 4-month
drainage season where it is routed through networks of 100-m
wide channels similar to those observed in the HR3D seismic
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from Livingstone and Clark (2016).

data (Fig. 6). This results in average input discharges per moulin of
1-4m3s'at27 ka, 5-10m? s ' at 21 kaand 10-20 m3 s ! at 18 ka
and 19 ka. Water discharges are greatest near the ice-sheet margin
as the inputs from multiple moulins coalesce, resulting in average
channel discharges of <20 m® s~! for the 27 ka model run,
50—300 m? s~! at 21 ka, and 50—-900 m> s! for 18 ka and 19 ka
timeslices.

When routed through 100-m wide channels, erosion generally
exceeds deposition within the channels for the 18 ka, 19 ka, and 21
ka model runs. However, deposition dominates at 27 ka, especially

13

for coarser (D15 = 0.1 mm) grain-size distributions due to the
relatively low water discharges at this timeslice (Fig. 10A). It is
possible to achieve a small amount of erosion with finer grain size
distributions (D15 = 0.01 mm) within 10 km of the ice-sheet ter-
minus (Fig. 10E); however, erosion rates remain extremely low (up
t0 1.2 x 107 m d~') and deposition dominates further up-ice. Thus,
little subglacial meltwater erosion is possible at 27 ka.

Channel erosion dominates in the 21 ka simulations. The me-
dian erosion rate within the channels increases by up to two orders
of magnitude from the start of a channel to positions near the ice-
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Fig. 10. Tunnel valley erosion rates into a sedimentary substrate as a proportion of modelled tunnel valley length for the seasonal drainage mechanism (migrating 100 m
wide channels). Results are shown for the different model timeslices between 18 ka and 27 ka and D45 grain sizes of 0.1 mm and 0.01 mm (A—D and E—H).

sheet terminus. The last 50% of the tunnel valley length near the
ice-sheet terminus is the most erosive; this corresponds to lengths
of ~25—35 km from the ice-sheet margin. Median erosion rates near
the ice-sheet terminus are ~0.003 m d~, with a 75th percentile
value of ~0.02 m d~', and maximum erosion rates of 0.22 m d~! are
calculated for D5 grain sizes of 0.1 mm. Reducing the D5 grain size
parameter to 0.01 mm (medium—fine silts) lowers erosion rates by
approximately an order of magnitude (Fig. 10B and F). The highest
erosion rates are calculated for the 18 ka and 19 ka timeslice model
runs. For D15 grain sizes of 0.1 mm (very fine sands), median erosion
rates near the terminus are ~0.005 m d~', with a 75th percentile
value of ~0.05 m d~, although erosion rates of up to 0.7 m d~! are
calculated for some channels (Fig. 10C, D, 10G, 10H).

The erosion rates we calculate (Fig. 10) would be capable of
incising shallow channels into a sedimentary substrate over the
course of one melt season during deglaciation. For example, the
75th percentile erosion rate of 0.05 m d~! at 18 ka and 19 ka would
erode a channel ~6 m deep and 100 m wide in a single ablation
season. Thus, it would take ~300 years to carve a valley with similar
dimensions (1 km wide, 180 m deep) to those observed in northern
Denmark or the North Sea if this smaller channel migrated laterally
each melt season. Typical median incision rates
(0.003—0.005 m d~') would result in valley formation within
~5000 years. It is therefore possible to incise large meltwater
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channels within tens of kilometres of the ice-sheet margin from
seasonal surface melt alone over time periods of just hundreds to a
few thousands of years.

3.3.2. Erosion from outburst floods

When routed down a 500-m wide flood channel, the 10-day
drainage of a 4 km? lake results in total downward erosion of
~0.5—4 m into a sedimentary substrate depending on the grain-size
distribution chosen. Scaling this up to the 15 km? lake drainage
scenario, a 500-m wide channel would be eroded downwards by
several tens of metres over the 10-day period. However, the erosive
impact of these flooding events reduces substantially when the
channel width is increased to 1000 m owing to a significant
reduction in average water velocity across the channel cross sec-
tion. In this latter (1000-m wide channel) scenario, total erosion
reaches up to ~0.1 m for the 4 km? lake drainage, and up to 4 m of
downward erosion is achieved for the 15 km> lake drainage
scenario.

Our calculated basal melt rates are up to 10—60 mm yr—! during
the last glacial period, resulting in basal water fluxes that are
generally below 0.5 m> 5! (Fig. 8). At these values, minimum lake
refilling times are ~250 years for a 4 km? lake and ~950 years for a
15-km? lake if the lakes were refilled by basal melting alone.
Assuming that the lakes drain when filled to full capacity, it would
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therefore take ~6000 years to carve a 500-m wide, 100-m deep
tunnel valley from a 4 km? lake, or ~4000 years for a 15 km® lake.
Wider valleys (>1000 m) would take considerably longer to form.

4. Discussion
4.1. Morphological insights into tunnel valley incision processes

Examination of detailed tunnel valley morphology in the HR3D
seismic data yields the following observations: (i) the basal portion
of tunnel valley cross sections are often several times narrower and
more V-shaped compared to the upper cross sections, which are
typically more U-shaped (see profile b—b’ in Fig. 4A); (ii) steep
slump deposits are often buried inside the tunnel valleys and, when
present, comprise ~10—40% of their infill; (iii) subglacial landforms
formed by grounded ice are often buried within the middle of the
tunnel valley infill (Kirkham et al., 2021); (iv) networks of smaller
channels are sometimes resolvable at the base of the tunnel valleys,
typically ~5—10 times narrower and 3—15 times shallower than the
larger tunnel valley tracts in which they are situated. Many of these
features cannot be resolved using conventional 3D seismic-
reflection methods, so the processes they represent may have
previously been overlooked in models of tunnel valley genesis
(Kirkham et al., 2021).

The composite V/U shaped channel cross-sectional morphology
is a commonly observed feature of tunnel valleys incised into un-
consolidated sediments and subglacial meltwater channels incised
into bedrock (e.g., Hepp et al., 2012; Kirkham et al., 2019; Larter
et al., 2019; Kirkham et al., 2020; Lohrberg et al., 2020; Hogan
et al,, 2022) and likely reflects widening of the upper channel
cross section by ice which deformed downwards into the top of the
channel. The movement of deforming basal ice through the upper
parts of the tunnel valley, or the eventual removal of ice from the
valley, may have acted to destabilise the valley sides and trigger the
mass movements now contained within the tunnel valleys,
enlarging their lateral extent through glacial erosion. This
morphology suggests that grounded ice likely persisted within the
tunnel valleys as they were incised and filled, and is supported by
the deposition of subglacial landforms such as eskers and crevasse
squeeze ridges within their infill (Kirkham et al., 2021). Many of
these landforms are buried at depths of more than 100 m from the
tunnel valley top; based on this, we infer that as much as 65—75% of
the tunnel valley cross section was filled with and sculpted by
grounded ice. We suggest, therefore, that ice-contact erosion plays
an important role in excavating and widening tunnel valleys in
unconsolidated sediments.

We do not resolve any deformation structures along the base
and sides of the channels which would suggest that sediment creep
into low pressure channels is responsible for the formation of the
tunnel valleys (Fig. 1C; Shoemaker, 1986; Boulton and Hindmarsh,
1987; Mooers, 1989) although we accept that these features may
be unresolvable even in our HR3D seismic data. A similar lack of
evidence for extensively deformed sediment adjacent to tunnel
valleys has been reported from terrestrial outcrops (O Cofaigh,
1996; Jergensen and Sandersen, 2006; Kehew et al.,, 2012). By
contrast, the composite V/U-shaped profile of many tunnel valley
cross sections (Hepp et al., 2012; Lohrberg et al., 2020, Fig. 4A),
combined with the presence of slump deposits and subglacial
landforms buried midway inside the tunnel valley fills (Kirkham
et al., 2021), indicate that basal ice likely deformed extensively
into the valleys. This process would be conducive to maintaining
consistently high water pressures as the tunnel valleys were
incised, even after relatively large channel dimensions were
attained. The persistent pressurisation of the water at the base of
the tunnel valleys by overlying ice, combined with the
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unconsolidated nature of the sediments into which tunnel valleys
are usually incised, may explain how these features attain such
characteristically large depths (up to ~500 m deep) (e.g., Praeg,
2003; Montelli et al., 2020). Relatively high basal water pressures
within the tunnel valleys also concur with observations gathered
from terrestrial outcrops of sediment injections into the preglacial
substrates underlying tunnel valleys (e.g., Ghienne et al., 2007; van
der Vegt et al., 2012; Ravier et al., 2014).

Relatively high basal water pressures within the tunnel valleys
are also supported by the presence of smaller channel networks
located at the base of the features (Fig. 6). It is not clear whether the
smaller channel networks observed inside some tunnel valleys
indicate that the tunnel valleys experienced pulses of high water
discharges released from dammed lakes or from the ice-sheet
surface (Lewington et al., 2020; Bellwald et al., 2021) or may sim-
ply reflect the expected mechanism for subglacial water flow over
unconsolidated thick sedimentary beds (Walder and Fowler, 1994),
such as those comprising the North Sea Basin (Lamb et al., 2018;
Ottesen et al., 2018, 2020). Similar braided channel structures have
been replicated in laboratory experiments simulating pressurised
water flow over an erodible non-cohesive bed (Catania and Paola,
2001). However, the abandonment of smaller channels in favour
of others within some tunnel valleys (Fig. 6A and C) may suggest
that the smaller channel networks reflect lateral switching be-
tween different channels. This abandonment and wandering
behaviour has been observed in laboratory experiments of tunnel
valley formation (Lelandais et al., 2016), and may be analogous,
albeit on a smaller scale, to the ‘cut-and-fill’ structures reported
inside some terrestrial tunnel valleys (Jergensen and Sandersen,
2006). These observations are consistent with the gradual inci-
sion of a much larger tunnel valley tract through focussed, yet
relatively small, fluxes of water rather than incision by catastrophic
floods.

4.1.1. The origin of glacial curvilineations

Glacial curvilineations (GCLs) were first identified in Poland
(Nechay, 1927) and were later genetically associated with tunnel
valleys based on their typical parallelism to the valley sides
(Lesemann et al., 2010). Two competing theories have been sug-
gested to explain the origin of GCLs in relation to tunnel valley
formation. The first suggests that GCLs represent the erosional
remnants of longitudinal vortices in water flow that developed
during catastrophic outburst floods that produced the tunnel val-
leys (Lesemann et al., 2010, 2014). However, abrupt changes in
observed GCL direction which mimic the tunnel valley edge are
difficult to reconcile with this hypothesis as the vortices would
become disrupted with such sudden changes in flow routing di-
rection (Clark and Livingstone, 2018). This observation led Clark
and Livingstone (2018) to propose an alternative hypothesis in
which GCLs form through incremental mass movements at the
sides of the tunnel valleys. In this hypothesis, GCLs reflect the
widening of the tunnel valley sides through slope failures. How-
ever, this hypothesis was proposed solely on the basis of morpho-
logical properties, and the authors note that further structural and
sedimentological information is required to determine the origin of
GCLs.

Our HR3D seismic data allow the formation of GCLs to be
definitively linked to slope failure processes along the sides of
tunnel valleys (Fig. 5C). The largest GCLs observed within the tun-
nel valleys are associated with bulbous headwall scarps as
described in other locations (Fig. 5B; Clark and Livingstone, 2018).
Sharp breaks in seismic reflections beneath these ridges demon-
strate that they formed through retrogressive rotational slope
failures, propagating from the centre of the tunnel valley toward its
sides, resulting in localised valley widening. The smaller ridges
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reflect a continuation of the same process, but with less disruption
to the underlying sediments, as the slope failures began to stabilise
with increasing distance from the tunnel valley centre. The Polish
and North American examples of GCLs occur within tunnel valleys
that are not entirely infilled, making it difficult to untangle the
timing of their formation relative to tunnel valley incision and
infilling. Our HR3D seismic data demonstrate that the formation of
the GCLs occurred prior to tunnel valley infilling, linking slope
destabilisation and failure to tunnel valley downcutting. The for-
mation of GCLs through slope failure of the underlying strata is also
consistent with the variable internal composition of these features
on land (Lesemann et al., 2014), implying that their composition
will change according to the underlying substrate type rather than
reflecting their formative process. Our data therefore strongly
support the association between GCL genesis and slope failures
triggered in response to tunnel valley incision, rather than the
alternative interpretation in which broad sheet-like floods are
invoked to explain their formation.

4.2. Mechanisms and rates of tunnel valley erosion

Our results demonstrate that the contribution of basal melt to
the subglacial hydrological system is generally small, often 3—5
orders of magnitude smaller than the contribution from surface
melting in the ablation zone. Accordingly, steady-state water fluxes
derived from basal melting alone are too low (typically <1 m3s~1)
to facilitate tunnel valley erosion. This finding is consistent with
ideas about meltwater channel erosion beneath past ice sheets
elsewhere (e.g., Lowe and Anderson, 2003; Nitsche et al.,, 2013;
Dowdeswell et al., 2016; Kirkham et al., 2019). The dimensions of
the smaller channel networks within the tunnel valleys constrain
the likely discharges responsible for valley incision. At 80 m wide
and ~6 m deep on average, the smaller channels could carry a
maximum discharge of ~18,000 m> s~ if filled to the bankfull level
beneath a steep ice-sheet margin. Channels of these dimensions
would be capable of accommodating small outburst floods from
trapped lakes, such as the 4 km? lake drainage scenario (peak
discharge of ~20,000 m® s~ ). Alternatively, these smaller channel
networks might reflect the cumulative erosive imprint of seasonal
surface meltwater drainage. The conservative seasonal erosion
rates predicted by our model demonstrate that it would be possible
to erode 100-m wide channels that are several metres deep in one
ablation season. Therefore, the smaller channels sometimes
observed at the base of tunnel valleys may also reflect a single
ablation season's erosion.

In contrast, the tunnel valleys, being several orders of magni-
tude larger in cross-sectional area, could hold maximum discharges
of 0.5 — 2x 10’ m? s~ if filled to the bankfull stage. Floods of this
size would be amongst the largest ever reported on Earth
(O'Connor and Costa, 2004). We consider it highly unlikely that the
extensive networks of tunnel valleys observed in the North Sea, and
elsewhere, were eroded by such huge discharges given the absence
of large water reservoirs in any of our model predictions (Fig. 8),
and the fact that our geophysical observations suggest that the
tunnel valleys were largely filled by ice as they were incised. Based
on these arguments, we rule out the formation of entire tunnel
valleys (kilometres wide, hundreds of metres deep) from single
mega outburst flooding events in this region.

Our modelling results demonstrate that both the seasonal input
of surface meltwater and outburst flooding from smaller trapped
lakes are viable mechanisms of incising large channels into thick
sequences of unconsolidated soft sediments on timescales of
hundreds to thousands of years. However, whilst seasonal surface
drainage can produce networks of semi-regularly spaced tunnel
valleys, the outburst flooding mechanism is only capable of forming
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one channel in association with a specific lake. We note that the
spacing distribution for the channels predicted in the high-
resolution seasonal water routing model runs is similar to other
inventories of terrestrial tunnel valleys (Fig. 9D) (Livingstone and
Clark, 2016). Such spacings are not reproduced when lake
drainage is invoked. We therefore suggest that whilst both pro-
cesses may operate during the deglaciation of ice sheets, the
dominant mechanism responsible for tunnel valley formation is the
drainage of surface meltwater to the bed with relatively small water
fluxes.

The inference that outburst flooding assumes a relatively minor
role in forming tunnel valleys during deglaciation is supported by
the low number of terrestrial tunnel valleys which terminate in
outwash fans in North America (Livingstone and Clark, 2016). The
presence of large boulders (>2 m diameter) comprising proglacial
fans at the termination of some tunnel valleys is often taken as
evidence for formation in catastrophic outbursts, because the
transportation of such large clasts would require discharges of at
least several hundred m? s=! (Cutler et al., 2002). However, sys-
tematic mapping of tunnel valleys across the southern sector of the
former Laurentide Ice Sheet by Livingstone and Clark (2016)
revealed that only a small percentage of tunnel valleys in this re-
gion (~10%) actually terminated in outwash fans. This observation is
consistent with the scarcity of lakes predicted during the last
deglaciation across the North Sea (Fig. 8), in particular because
relatively large volumes of water (>4 km?) are required to form just
a single tunnel valley within the timescales implied by Sandersen
et al. (2009). Furthermore, the regular spacing of many tunnel
valley networks implies that multiple valleys were operating
simultaneously across a broad spatial area as they were incised.
This observation is difficult to reconcile with episodic outbursts of
water released from independent reservoirs (Livingstone and Clark,
2016). Thus, although outburst flooding may play a role in the
formation of some tunnel valleys (e.g., Piotrowski, 1994; Cutler
et al.,, 2002; Livingstone and Clark, 2016; Zoet et al., 2019), this
mechanism does not appear to be a pre-requisite for their
formation.

In contrast, our modelling results demonstrate that, when
focussed in relatively narrow channels operating within larger
valley tracts, the input of surface meltwater to the subglacial hy-
drological system during deglaciation is capable of incising large
tunnel valleys within hundreds to thousands of years (Fig. 11). Our
erosion modelling supports previous interpretations of tunnel
valleys being formed within tens of kilometres of the margins of
receding ice sheets in the presence of steep ice-surface slopes
(Kristensen et al., 2008; van der Vegt et al., 2012; Livingstone and
Clark, 2016), as our predicted erosion rates are highest within the
20—30 km region upstream of the ice-sheet terminus (Fig. 10).
These relatively steep ice-surface slopes would produce steep hy-
draulic potential gradients and drive subglacial water towards the
ice-sheet margin with high water velocities; this may permit
relatively low water discharges to rapidly erode sediment (Beaud
et al, 2016, 2018). Accounting for ice margin retreat rates of
50—100 m yr~! across northern Denmark, this zone of maximum
subglacial meltwater erosion would have had 200—600 years to
erode the tunnel valleys before grounded ice retreated from the
area. Our erosion rates from seasonal meltwater inputs are there-
fore capable of incising large tunnel valleys within the timescales
constrained by Sandersen et al. (2009), particularly if glacial erosion
(by ice) of the upper tunnel valley cross section also contributed to
valley widening.

In addition to the input of surface meltwater through perenni-
ally open moulins and crevasses, subglacial meltwater erosion rates
may have been temporarily elevated by the sudden release of water
trapped in supraglacial lakes through rapid drainage events. When
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Fig. 11. Tunnel valley formation beneath a deglaciating mid-latitude ice sheet. (A) Idealised cutaway schematic demonstrating tunnel valley incision through the action of a
network of migrating subglacial channels fed by the regular seasonal input of supraglacial meltwater into the subglacial hydrological system. (B) Idealised cross section of a tunnel
valley being incised by smaller migrating subglacial channels during a glacial period. (C) Idealised cross section of a buried tunnel valley (now submerged) in a post-glacial

configuration. The tunnel valley is infilled and contains subglacial landforms within it.

hydrographs from rapid Greenland supraglacial lake drainage
events (e.g., Das et al., 2008; Chudley et al., 2019) are used to force
our erosion model, these short-lived (hours to days) water influxes
could rapidly erode decimetres to metres of sediment if focussed
within a pre-existing 100—500 m wide channel. These events may
therefore help to elevate erosion rates within the tunnel valleys.
However, these must be taken as maximum rates as models of the
input of supraglacial lake water into the subglacial hydrological
system have demonstrated that these large floods tend to form a
several kilometre wide turbulent blister beneath the ice sheet (Dow
et al,, 2015), which would reduce water velocities compared to a
situation in which the water was directly concentrated into a
channel.

Despite elevated erosion rates caused by supraglacial lake
drainage, we do not consider this as a dominant mechanism of
tunnel valley formation. This is because rapid supraglacial lake
drainage events observed on present-day ice sheets only transport
a small fraction of the total meltwater available from the ice-sheet
surface (Koziol et al., 2017). For example, a Greenland-wide survey
of supraglacial lakes between 2005 and 2009 demonstrated that
only ~13% of lakes drained rapidly (Selmes et al., 2011), with the
remainder draining through overtopping into meltwater streams
which route water into moulins (Smith et al., 2015). Supraglacial
meltwater streams are also capable of transporting far larger vol-
umes of water into the subglacial system than even the largest
supraglacial lake drainage events. For example, after the 2012 melt
event which briefly thawed 97% of the surface of the Greenland Ice
Sheet, the total volume of water transported in supraglacial river
networks in a region of south west Greenland over a 5-day period
(0.19 + 0.05 km?; Smith et al. (2015)) was many times greater than
the volume of water delivered to the ice-sheet bed during large
supraglacial lake drainage events (0.044 km? for Das et al., 2008).

Similar, albeit probably more extreme, conditions are likely
experienced during ice-sheet deglaciation, providing a mechanism
by which tunnel valleys are incised by an abundance of supraglacial
meltwater released and transported to the bed by the wastage of
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the ice sheet. This mechanism is supported by the tendency for
tunnel valleys to increase in density towards recessional ice-sheet
margins (Mooers, 1989). As the timescales associated with surface
melting on glaciers varies from days to hundreds of years, it is likely
that the input of surface meltwater to the subglacial hydrological
system regularly fluctuated with events such as the addition of
surface meltwater from supraglacial lake overtopping (Tedesco
et al., 2013; Smith et al., 2015), supraglacial lake drainage via
hydrofracture (Das et al., 2008; Chudley et al., 2019), or intense
rainfall events (e.g., Doyle et al., 2015). Such pulses of water would
have resulted in enhanced erosion as high discharges entered the
basal hydrological system (Huuse and Lykke-Andersen, 2000).
Furthermore, the conversion of gravitational potential energy to
heat in the basal drainage system as surface meltwater drains to the
ice-sheet bed can increase basal melt rates by up to two orders of
magnitude during periods of intense surface melting or rainfall
events (Young et al., 2022). Although this process is not included in
the model setup used here, this mechanism would increase the
erosive potential of surface meltwater drainage events for tunnel
valley incision; therefore, the tunnel valley incision rates reported
here are likely conservative.

The burial of subglacial landforms at significant depths
(>100 m) within the tunnel valleys examined here (Figs. 4A and 6B;
Kirkham et al., 2021) demonstrates extensive deformation of ice
into the tunnel valleys. This deformation would likely have caused a
surface expression in the overlying ice sheet. Basal channels
observed beneath Antarctic ice shelves have surface expressions in
the form of localised ice lowering along their lengths which can
divert surface meltwater into supraglacial rivers and contribute to
hydrofracturing (Dow et al., 2018). A similar feedback mechanism
might be expected in the case of tunnel valleys; as ice deforms into
the incising tunnel valley, greater amounts of water are focussed
into surficial troughs expressed on the ice-sheet surface —
contributing to hydrofracturing and supplying additional melt-
water that can be used to further incise the tunnel valley. This
feedback mechanism might help to explain the great depths that
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tunnel valleys are capable of incising during relatively short periods
of time.

Our results demonstrate that it is possible for tunnel valleys to
be incised over hundreds to thousands of years by the action of
smaller channels fed by the regular seasonal input of supraglacial
meltwater into the subglacial hydrological system (Fig. 11). Com-
bined with ice widening of the upper channel cross section, this
process could erode extensive networks of tunnel valleys, mostly
filled with ice as they were incised (Nordmann, 1958; Smed, 1962;
Kriiger, 1989; Smed, 1998; Huuse and Lykke-Andersen, 2000).

4.3. Implications for tunnel valley genesis and ice-sheet dynamics

The long-standing debate regarding the genesis of tunnel val-
leys has focussed on the viability of catastrophic versus steady-
state formation hypotheses. Our results confirm that both of
these mechanisms are possible, and may lead to similar valley
forms. Some authors have previously made a distinction between
tunnel valleys and tunnel channels, whereby tunnel channels are
genetically associated with bankfull flooding conditions, a single ice
margin, lack tributaries and have consistent dimensions along their
length, whereas tunnel valleys may have more complex morphol-
ogies and infill (Clayton et al., 1999; Kehew et al., 2012). Our
geophysical observations and numerical modelling results support
this genetic difference, and potentially provide additional criteria
with which these different landforms can be distinguished. Our
HR3D seismic data reveal that tunnel valleys may have smaller
channels buried inside them and often contain evidence of glacio-
tectonism and extensive ice widening within the upper section of
the valleys (Figs. 4 and 6; Kirkham et al., 2021). In contrast, tunnel
channels are likely to be smaller, straighter, and associated with an
individual accumulation of subglacial water (Clayton et al., 1999;
Kehew and Kozlowski, 2007; Kehew et al., 2012). For example,
tunnel channels formed by subglacial lake drainage in the Green
Bay Lobe, Wisconsin, are 450 m wide and 65 m deep (Zoet et al,,
2019). They are considerably smaller than other tunnel valleys
formed from surface meltwater during the same glacial period
elsewhere (e.g., kilometres wide and 100s m deep; Sandersen et al.
(2009)).

Accordingly, tunnel channel formation can be viewed as an
isolated process that occurs under specific circumstances, such as
that in which basal topography permits large scale impounding of
water. In contrast, the injection of large volumes of surface melt-
water to the ice-sheet bed over a broad area is capable of rapidly
generating regularly spaced networks of tunnel valleys if surface
melt rates are high enough. This mechanism likely explains the
majority of tunnel valley formation in formerly glaciated regions of
soft-sediment substrates such as the North Sea. Whilst tunnel
valleys buried in the North Sea are notoriously difficult to date, they
can be separated into multiple generations by their crosscutting
patterns (Lonergan et al., 2006; Kristensen et al., 2007; Stewart and
Lonergan, 2011; Stewart et al., 2013; Ottesen et al., 2020). Our re-
sults demonstrate that it would be possible to erode each of these
tunnel valley generations within a single glacial-deglacial cycle —
and possibly multiple tunnel valley generations if ice readvances
occurred in the presence of significant meltwater availability. It
may therefore be reasonable to associate each generation of tunnel
valleys with a particular glaciation, and from this reconstruct ice-
sheet extents and the hydrological conditions experienced during
each deglaciation based on the distribution and form of that gen-
eration of tunnel valleys (Stewart and Lonergan, 2011; Stewart
et al., 2013; Ottesen et al., 2020; Kirkham et al., 2021). However,
in principle, it is also possible that multiple generations of tunnel
valleys could be incised by a dynamic ice sheet within a single
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glaciation given the rapid incision rates indicated by our numerical
modelling results.

Our analysis supports a growing body of work which suggests
that subglacial meltwater is an extremely powerful geomorphic
agent, capable of carving large channels into unconsolidated sub-
strates over hundreds to thousands of years (Sandersen et al., 2009;
Beaud et al., 2016, 2018). The rapid formation of large subglacial
valleys over potentially just hundreds of years has implications for
ice-sheet dynamics. Previous laboratory experiments have sug-
gested that tunnel valley formation may act to stabilise portions of
ice sheets undergoing deglaciation through the rapid evacuation of
basal water, potentially preventing catastrophic ice-sheet collapse
(Lelandais et al., 2018). Similar conclusions have been drawn from
the palaeo-record in some locations (Patterson, 1997). Our nu-
merical modelling results indicate that stable evacuation of such
water is possible within timescales of hundreds of years — rapid
when viewed in the context of deglacial timescales. However,
contrasting assemblages of subglacial landforms imaged inside and
around some tunnel valleys imply that the formation of these
channels may be associated with both stable and dynamic ice
behaviour (Fig. 6; Kirkham et al., 2021). Thus, further work,
including numerical modelling of the overlying ice response, is
needed to elucidate the impact that tunnel valley formation has on
the dynamics of deglaciating ice sheets. This could inform on a
potentially key process that may regulate the stability of deglaci-
ating ice sheets in the future (e.g., Hulbe, 2017).

5. Conclusions

We performed a series of numerical experiments informed by
new observations from high-resolution 3D seismic analysis that
explore the rates and mechanisms at which tunnel valleys are
formed beneath deglaciating mid-latitude ice sheets. These new
seismic observations reveal a number of morphological clues as to
the mechanisms of tunnel valley formation that are not resolvable
using conventional 3D seismic-reflection methods. Smaller aban-
doned channel systems and braided channel networks present at
the base of larger tunnel valley tracts indicate that these features
are carved through the action of migrating smaller channels. In
addition, extensive slump deposits and subglacial landforms buried
within the tunnel valleys demonstrate that pervasive ice contact
erosion was a key process regulating their morphology and
dimensions.

Our numerical modelling of subglacial water flux and sediment
erosion demonstrate that migrating narrow channels fed by sea-
sonal surface meltwater are capable of incising networks of tunnel
valleys 1—2 km wide and hundreds of metres deep over just hun-
dreds to thousands of years during deglaciation — timescales that
are commensurate with independent geological evidence of rapid
tunnel valley formation in this region. Modelled erosion rates reach
maximum values within tens of kilometres of the ice-sheet termi-
nus, implying that tunnel valleys form time-transgressively close to
the margins of retreating ice sheets. This mechanism likely ac-
counts for the formation of most regularly spaced tunnel valley
networks found in formerly glaciated regions. Outburst floods from
topographically confined basins can also lead to large-scale channel
incision over thousands of years; however, this process is only
likely to apply in specific circumstances, some of which may now be
decipherable using advances in HR3D seismic data. Further incor-
poration of palaeo-subglacial hydrological evidence into ice-sheet
models will help to elucidate the role that tunnel valley forma-
tion may have on the dynamics of past and contemporary ice sheets
during deglaciation.
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