
Arbeitsbericht
NAB 12-48

December 2012

U. H. Fischer, W. Haeberli

Glacial Overdeepening

 Results of a workshop held in Zürich, 
Switzerland, 20-21 April 2012 

Nationale Genossenschaft
für die Lagerung 

radioaktiver Abfälle

Hardstrasse 73
CH-5430 Wettingen

Telefon 056-437 11 11

www.nagra.ch





Arbeitsbericht
NAB 12-48

Nationale Genossenschaft
für die Lagerung 

radioaktiver Abfälle

Hardstrasse 73
CH-5430 Wettingen

Telefon 056-437 11 11

www.nagra.ch

KEYWORDS

glacial erosion, erosion processes, subglacial system, 
abrasion, quarrying, meltwater erosion, 
glacial overdeepening, expert workshop

December 2012

U. H. Fischer, W. Haeberli

Glacial Overdeepening

 Results of a workshop held in Zürich, 
Switzerland, 20-21 April 2012 



"Copyright © 2012 by Nagra, Wettingen (Switzerland) / All rights reserved.

All parts of this work are protected by copyright. Any utilisation outwith the remit of the 

copyright law is unlawful and liable to prosecution. This applies in particular to translations, 

storage and processing in electronic systems and programs, microfilms, reproductions, etc."

Nagra Working Reports concern work in progress that may have had limited review. They are 

intended to provide rapid dissemination of information. The viewpoints presented and 

conclusions reached are those of the author(s) and do not necessarily represent those of 

Nagra.



 I NAGRA NAB 12-48 

Summary 
 
Glacially-overdeepened valleys and basins are common features in high mountain belts and 
their forelands. These overdeepenings are of practical and scientific interest, representing sites 
of potential lake formation, influencing the dynamics and hydrology of ice masses, presenting 
opportunities for glacial and climate reconstruction, and raising management issues related to 
aggregate, groundwater and hydrocarbon resources and radioactive waste disposal in deep 
geological repositories. Although the basic principles of glacial erosion are generally known, 
the formation of overdeepened valleys beneath glaciers and ice sheets remains incompletely 
understood. 

A workshop organized by the National Cooperative for the Disposal of Radioactive Waste 
(Nagra) in collaboration with the University of Zürich and held in Zürich, Switzerland, in April 
2012 was aimed at assessing the questions of why, how, where and when future glaciations can 
lead to glacial overdeepening in the foreland of the Alps. This is relevant for the siting and long-
term safety of radioactive waste repositories in northern Switzerland. An international group of 
leading experts was invited to contribute to a discussion of the feedbacks associated with 
overdeepening among such factors as ice flow, ice mass geometry, bed topography, heat 
transport, basal thermal regime, subglacial drainage, sediment transfer and basal sliding. 

The workshop featured presentations on field observations and measurements in 
overdeepenings beneath modern glaciers and on modelling studies as a means for developing an 
improved quantitative understanding of glacial erosion processes. During discussion periods, 
participants probed questions geared toward exploring the origin and evolution of glacial 
overdeepening, the role of subglacial drainage in overdeepening formation, and the significance 
and implications of glaciohydraulic supercooling. 

While overdeepening of glacier beds is expected at confluences and in trunk valleys where ice 
flux and, hence, basal sliding and bedrock abrasion are large, observations of terminal 
overdeepening in areas of divergent ice flow highlight the limitations of the simple relationship 
of erosion to glacier basal motion commonly used in current glacial erosion models. Participants 
suggested that localized bedrock quarrying may play a significant role in glacial overdeepening, 
whereby the formation of crevasses above initial perturbations caused by bed irregularities 
focuses the delivery of surface melt and, hence, water pressure fluctuations, to the head of 
incipient overdeepenings. 

According to participants, subglacial drainage along the adverse slope of an overdeepening is 
perhaps the most critical part of the water system, affecting not only the morphology and 
transmissivity of drainage in the overdeepened section but also the dynamics of ice flow and the 
mechanisms and patterns of sediment entrainment, transport, evacuation and deposition. Issues 
discussed during the workshop included the effect of bedrock lithology on subglacial hydrology 
and its influence on the efficiency of erosion and sediment evacuation, and the importance of 
overdeepening formation by the direct action of subglacial meltwater. 

The general consensus among participants was that the depth of overdeepening is likely to 
depend on the extent to which processes and feedbacks are able to focus erosion and maintain 
the evacuation of water and sediment. However, many of the processes are difficult to observe 
in nature. Participants pointed to the need for detailed, quantitative measurements of water 
drainage in overdeepenings, accurate descriptions of the bedrock morphology of existing 
overdeepenings, systematic analyses of glaciohydraulic supercooling, and the development of 
numerical models that incorporate coupled ice-water-sediment-erosion processes. 
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Fig. 1: "Zürich Ice Age" by Giuseppe Reichmuth. The Zürich artist caused a scandal with 
this painting in 1975 and went on to become an icon of the youth movement in the 
nineteen-eighties. The work, in photorealistic style, shows an apocalyptic scenario, 
with the frozen city full of ice and snow. It has been interpreted as a criticism of the 
supposedly cold and fossil state of Zürich, once the progressive city of Zwingli. 
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1 Introduction 
 
The National Cooperative for the Disposal of Radioactive Waste (Nagra) is in charge of 
developing deep geological repositories in Switzerland. This also includes proposing sites for 
such repositories and performing analyses of their long-term safety. As part of these safety 
analyses the geomorphological evolution of the landscape has to be evaluated for a time horizon 
of one million years for the disposal of high-level waste. One of the relevant aspects concerns 
the origin of overdeepened valleys and basins beneath glaciers that extended from the Alps far 
into the Alpine foreland and covered the midland areas of northern Switzerland (Swiss Plateau) 
with ice hundreds of meters thick several times during the Quaternary (Figs. 2 and 3). 

As the climate in northern Switzerland in the time period of concern (1 Ma) is expected to 
continue to oscillate between glacial and interglacial periods, the question as to why, how, 
where and when future glaciations can lead to glacial overdeepening in the foreland of the Alps 
is relevant for the siting and long-term safety of radioactive waste repositories in northern 
Switzerland. Of significance in this respect is that all of the proposed geological siting regions 
are located within the ice extent during the Most Extensive Glaciation (MEG), some of them 
even within that at the Last Glacial Maximum (LGM). 

Overdeepening of glacier beds is commonly expected at confluences and in trunk valleys where 
ice flux and hence basal sliding and bedrock abrasion is large (Figs. 4 and 5). However, 
emphasis of this workshop was on overdeepenings beneath former glacier termini in the distal 
Alpine foreland of northern Switzerland where ice flux and hence erosional potential was low, 
especially in the context of divergent flow (Figs. 2, 3, 6 and 7), as opposed to those commonly 
occurring in areas of fast ice-flow or glacier confluences within the Alps. 

Analysis of the overdeepened valleys and basins in the midland areas of northern Switzerland 
shows that, in most cases, overdeepening is restricted to areas that were covered by ice at the 
LGM (Fig. 3). Except for a few locations, no significant overdeepening has been identified 
beyond the LGM ice extent, although glaciers reached considerably further downstream, at least 
during the MEG. Furthermore, no overdeepened valleys are found significantly north of the 
outcrop of Mesozoic limestone which separates the peri-alpine Molasse basin (soft clastics) 
from the adjacent areas of the Folded and Tabular Jura (Fig. 8). 

A specific workshop organized by Nagra in collaboration with the University of Zürich and held 
in Zürich, Switzerland, in April 2012 was aimed at discussing whether it is possible to derive a 
physically plausible estimate of the maximum depth of glacial overdeepening. An international 
group of leading experts was invited to this workshop to contribute to an assessment of the 
feedbacks associated with overdeepening among such factors as ice flow, ice mass geometry, 
bed topography, heat transport, basal thermal regime, subglacial drainage, sediment transfer and 
basal sliding. 

Prior to the workshop all experts were supplied with the following reports and papers providing 
available information relevant to the focus of the workshop: 

Alley, R.B., Cuffey, K.M., Evenson, E.B., Strasser, J.C., Lawson, D.E. & Larson, G.J. (1997): 
How glaciers entrain and transport basal sediment: physical constraints. Quaternary 
Science Reviews, 16, 1017-1038. 

Alley, R.B., Strasser, J.C., Lawson, D.E., Evenson, E.B. & Larson, G.J. (1999): Glaciological 
and geological implications of basal-ice accretion in overdeepenings. In Mickelson, D.M. 
& Attig, J.W., eds., Glacial Processes Past and Present: Boulder, Colorado, Geological 
Society of America Special Paper 337, 1-9. 
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Alley, R.B., Lawson, D.E., Larson, G.J., Evenson, E.B. & Baker, G.S. (2003): Stabilizing 
feedbacks in glacier-bed erosion. Nature, 424, 758-760. 

Alley, R.B., Lawson, D.E., Evenson, E.B. & Larson, G.J. (2003): Sediment, glaciohydraulic 
supercooling, and fast glacier flow. Annals of Glaciology, 36, 135-141. 

Cook, S.J., Waller, R.I. & Knight, P.G. (2006): Glaciohydraulic supercooling: the process and 
its significance, Progress in Physical Geography, 30(5), 577-588. 

Creyts, T.T. & Clarke, G.K.C. (2010): Hydraulics of subglacial supercooling: theory and 
simulations for clear water flows. Journal of Geophysical Research, 115, F03021, 
doi:10.1029/2009JF001417. 

Fischer, U.H. & Haeberli, W. (2010): Glacial erosion modelling: results of a workshop held in 
Unterägeri, Switzerland, 29 April – 1 May 2010. Nagra Arbeitsbericht NAB 10-34. 

Herman, F., Beaud, F., Champagnac, J.-D., Lemieux, J.-M. & Sternai, P. (2011): Glacial 
hydrology and erosion patterns: a mechanism for carving glacial valleys. Earth and 
Planetary Science Letters, 310, 498-508. 

Hooke, R.LeB. (1991): Positive feedbacks associated with erosion of glacial cirques and 
overdeepenings. Geological Society of America Bulletin, 103, 1104-1108. 

Hooke, R.LeB. & Pohjola, V.A. (1994): Hydrology of a segment of a glacier situated in an 
overdeepening, Storglaciären, Sweden. Journal of Glaciology, 40(134), 140-148. 

Jordan, P. (2010): Analysis of overdeepened valleys using the digital elevation model of the 
bedrock surface of Northern Switzerland. Swiss Journal of Geosciences, 103(3), 375-384. 

Lawson, D.E., Strasser, J.C., Evenson, B.E., Alley, R.B., Larson, G.J. & Arcone, S.A. (1998): 
Glaciohydraulic supercooling: a freeze-on mechanism to create stratified, debris-rich 
basal ice: I. field evidence. Journal of Glaciology, 44(148), 547-561. 

Preusser, F., Reitner, J.M. & Schlüchter, C. (2010): Distribution, geometry, age and origin of 
overdeepened valleys and basins in the Alps and their foreland. Swiss Journal of 
Geosciences, 103(3), 407-426. 

Preusser, F., Graf, H.R., Keller, O., Krayss, E. & Schlüchter, C. (2011): Quaternary glaciation 
history of northern Switzerland. Quaternary Science Journal, 60(2-3), 282-305. 

 

This report is a synthesis of the main results of the workshop. Chapter 2 lists all the participants 
of the workshop. In Chapter 3, the organisation of the workshop is described and an overview of 
the program is given. Chapter 4 presents the key questions that were used to guide the 
discussions as well as the corresponding answers that were developed together with the experts 
during discussion periods. Finally, abstracts of all the presentations given by the experts are 
compiled in the Appendix. 
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(a) 

 
(b) 

 
 

 
 

Fig. 2: Northern Switzerland. (a) Digital terrain model (DHM25, swisstopo) and (b) digital 
top bedrock model (Jordan 2008, 2010). 

  



NAGRA NAB 12-48 4 

(a) 

 
(b) 

 
 

 
 

Fig. 3: Northern Switzerland. (a) Thickness of Quaternary sediments indicating a system 
of deep, overdeepened and buried valleys (Jordan 2008, 2010). Mapping is based 
on information from several thousand boreholes and other sources. (b) Ice extent at 
the Last Glacial Maximum (LGM) (Kelly et al. 2004, Schlüchter et al. 2009) and 
during the Most Extensive Glaciation (MEG) (Schlüchter & Kelly 2000). 
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sediment 

drainage routes 

 lake partially filled with sediment 

Fig. 4: Schematic diagrams illustrating the glacial and post-glacial context of over-
deepening formation and evolution within a glaciated valley (Cook & Swift 2012). 
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Fig. 5: Examples of overdeepenings in contemporary and formerly-glaciated settings 
(Cook & Swift 2012): (a) overdeepened cirque basin (Blea Water, UK); (b) 
terminal overdeepening exposed by recent glacier retreat (Steingletscher, 
Switzerland); (c) trunk-valley overdeepening (Buttermere, UK); (d) terminal 
overdeepening partly confined by a moraine ridge (Bagley Icefield, Alaska). 

 
 

 

 

 

 

Fig. 6: Schematic longitudinal section through the Rhine Valley (Preusser et al. 2010). 

(a) (c) 

(d) (b) 
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Fig. 7: Thalweg section along the Lake Constance–Hegau branch of the Rhine Glacier 
(Jordan 2010). 

 
 

 
 

Fig. 8: Map of northern Switzerland showing the system of overdeepened and buried 
valleys (Jordan 2008, 2010), the ice extent at the MEG (Schlüchter & Kelly 2000) 
and LGM (Kelly et al. 2004, Schlüchter et al. 2009), and the outcrop of the 
Mesozoic limestone. 

 
 

Ice Extent 

Quaternary Deposits Base Tertiary 

MEG (Schlüchter & Kelly 2000) 
LGM (Kelly et al. 2004) 

Thickness 

Outcrop of Mesozoic 
limestone of the Folded 
and Tabular Jura 
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Fig. 9: Workshop participants (from left): T. Creyts, U. Fischer, W. Haeberli, D. Cohen, 
M. Schnellmann, S. Cook and D. Swift. In front: P. Zuidema and R. Hooke. 
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Switzerland 
piet.zuidema@nagra.ch 
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3 Program 
 
The workshop was organised to have an introductory part on the morning of 20 April, setting 
the goal and describing the general problem associated with overdeepening in the Swiss Alpine 
foreland. The remainder of the day was structured around a suite of presentations targeted at the 
focus of the workshop. The experts were asked to give short overviews on field observations 
and measurements in overdeepenings beneath modern glaciers and on the current state of 
numerical modelling as a means for developing a better understanding of the processes involved 
in glacial erosion (see Appendix for abstracts). The intervening discussion periods were devoted 
to developing answers to key questions that had been formulated prior to the workshop (see 
Chapter 4). The morning of 21 April was set aside for the final discussion and integration of the 
main outcomes of the workshop. 

 
19 April: 

Evening Arrival 
 

20 April: 

8:30 
Welcome 

P. Zuidema Radioactive waste disposal in Switzerland 
U. Fischer Introduction to the workshop 
M. Schnellmann Local geological background information 

9:30 
Discussion 

Questions (1) and (2) 
R. Hooke Erosion of overdeepenings 
W. Haeberli Bedrock overdeepenings and new lakes in 

deglaciating high-mountain regions 
12:00 Lunch 
13:30 
Discussion 

Questions (3) – (5) 
D. Swift Water flow in overdeepenings and its ice 

dynamic implications 
M. Werder  
(presented by T. Creyts) 

2-D subglacial drainage system model applied 
to an overdeepening 

T. Creyts The response of glacial overdeepenings to 
basal hydrology and sediment transport 

S. Cook Sediment transfer in subglacial 
overdeepenings 

D. Cohen Dynamics of ice flow past overdeepenings 
18:00 Dinner 

 

21 April: 

8:30 
Discussion & Integration 

Approaches to evaluating the various feedbacks associated with glacial 
overdeepening – editing of the expert assessment 

12:00 Lunch 
Afternoon Departure 
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4 Expert answers to key questions 
 
The following questions were used to guide the discussions on 20 April. The answers were 
compiled during the final discussion and integration on 21 April and reflect the main outcomes 
of the workshop. 

 
(1) Why do glacier-beds tend towards overdeepened geometries, and how, where, and 

when does this occur? 

What processes control and limit focused glacier-bed erosion? Do all overdeepenings 
reflect the same basic process(es)? What is the timescale for overdeepening formation? 
When and where do favourable conditions for overdeepening occur? 

It seems plausible that overdeepenings in hard glacier beds began to develop when the earliest 
glaciers occupied pre-existing fluvial, V-shaped valleys, maybe over two million years ago. 
Constrictions in valley width or convexities over transitions from more to less resistant rock 
types may have provided the initial perturbations. Crevasses may develop over such 
perturbations, focusing surface water, and hence water pressure fluctuations, at particular 
locations on the bed. Water pressure fluctuations can result in localized quarrying and thus 
erosion of the bed ‘below grade’, producing a ‘closed’ topographic basin that will host a lake 
upon the retreat of ice. 

For a sufficiently deep closed-basin, the adverse bed slope on the basin’s down-ice side will 
result in high water pressures at the glacier bed, which will reach the ice overburden pressure 
once the adverse slope becomes steeper than ~1.7 (±~0.3) times the surface slope (e.g. Hooke 
1991, Alley et al. 2003a). To provide the potential gradient necessary to maintain water flow in 
the down-ice direction, this high water pressure must persist up-ice until a region of steeply 
downglacier-sloping bed is encountered (specifically, the bed slope on the basin’s up-ice side). 
Once the adverse slope becomes steep enough, water is likely to be forced out of any distinct 
subglacial conduits and into a distributed conduit system and/or discontinuous sheet (e.g. Hooke 
& Pohjola 1994), with water velocities that are incapable of evacuating any till (i.e. glacial 
sediment) developed by abrasion of the bed. Pressure fluctuations are damped by this style of 
drainage system on till, so quarrying will be localized at the head of the overdeepening. Thus, 
over time scales of kiloyears, glacier erosional processes will continue to deepen the basin until 
the adverse slope meets a threshold, and quarrying of the up-ice slope will cause the head of the 
closed-basin to retreat, thus extending the length of the overdeepening. 

Down-ice extension of an overdeepening will be dependent on how much erosion of the adverse 
slope can occur before quarrying deepens the basin sufficiently for the gradient of the slope to 
restrict the efficiency of water flow. Due to compressive flow, there is no crevassing above the 
adverse slope. This suggests that quarrying will not occur and erosion will be by abrasion only. 
Nevertheless, some moulins may be present, and rates of abrasion are likely to be enhanced by 
high basal sliding and sediment flushing rates that result from the supply of surface water to the 
bed. Once the adverse slope becomes steep enough, down-ice extension will be limited because 
distributed drainage will damp water pressure fluctuations that are necessary for efficient 
bedrock quarrying and discourage the flushing of till that is necessary for efficient bedrock 
abrasion. Nevertheless, glacial and fluvial (i.e. interglacial) erosion of the bedrock threshold (or 
riegel) at the basin’s down-ice end may result in some erosion of the adverse slope, reducing its 
height and length. 

On the small scale of alpine glaciation, the length of overdeepenings is usually short enough 
that the adverse slope at the down-ice end merges with the base of the positive slope at its up-
ice end, minimizing the length of any nearly level bed in the middle, and forming a spoon-
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shaped depression. For larger outlet glaciers, however, headward retreat of the up-ice end of the 
closed basin over several glacial cycles may produce long troughs with roughly level beds. In 
this way, multiple initial overdeepenings, perhaps reflecting the distribution of preglacial bed 
irregularities, are likely to coalesce into a single trough or overdeepening. Where glaciers 
terminate in water, troughs become fjords upon retreat of the ice. 

Where glacier beds are composed of till or weakly indurated sedimentary rocks and there is 
potential for subglacial storage and release of large volumes of water, periodic catastrophic 
outbursts may form overdeepened valleys. These are commonly called tunnel valleys (e.g. 
Stumm 2010, Kehew et al. 2012). The material eroded from tunnel valleys is normally coarse 
(at least where the source can provide such material) and is deposited in fans at the mouth of the 
valley (which coincides with the glacier margin). In contrast, material eroded from quarried 
overdeepenings is likely fine and thus will be transported well beyond the glacier margin. In 
some instances, then, tunnel valleys may be distinguished from quarried overdeepenings by the 
lack of bedrock at shallow depth beneath the adverse slope, and by the presence of large gravel 
outwash fans at their mouths. 

 
(2) What characteristics are typical for glacial overdeepenings? 

What factors or factor combinations (with their gradients along the flow direction) can 
(always, sometimes, never) be related to the occurrence of glacial overdeepenings: 
surface slope, ice thickness, driving stress, flow velocity, subglacial discharge, basal 
thermal conditions (temperate, cold, polythermal), water pressure, effective normal 
pressure, debris content, bed characteristics (sediment, rock)? Can empirical ‘rules’ be 
found for understanding and predicting the formation and evolution of overdeepening in 
glacial systems, past and future? 

Overdeepenings in the beds of presently existing glaciers can be recognised and mapped using 
(i) morphological criteria based on surface slope and crevassing (e.g. Frey et al. 2010), and (ii) 
spatial models, that estimate ice thickness from measured surface slope and modelled basal 
shear stress (e.g. Linsbauer et al. 2009, 2012, Paul & Linsbauer 2012). Surface slope and its 
change along the flow direction, which is reflected strongly in patterns of surface crevassing, 
thereby plays a primary role in overdeepening recognition. Further, the dependence on surface 
slope makes predictions of overdeepened parts of glacier beds much less uncertain than absolute 
estimates of ice thickness. 

Model results, selected field measurements (boreholes, geophysics) and observations on 
recently exposed glacier beds indicate that low ice surface slopes (<5°), compressive ice flow, 
high basal water pressure (low effective normal pressure), damped water pressure fluctuations, 
slow subglacial water flow velocities, and thicker till layers are characteristic of overdeepened 
parts of glacier beds. In contrast, increasing ice surface slopes, lateral flow constriction, ice 
thickness reduction, extending flow (causing extensional crevassing) and increasing drainage 
efficiency (decreasing water pressures and increasing water flow velocities) are characteristic 
for the bedrock thresholds (known as riegels) at the lower end of overdeepened areas. These 
characteristics of overdeepenings are generally not found on glaciers with monotonically 
inclined beds. They presumably evolve as localised erosion first flattens and then reverses the 
bed slope to form a closed-basin that, when sufficiently deep, restricts the efficiency of the 
subglacial drainage and sediment transport systems. 

Model results and observations from contemporary and formerly glacierized environments also 
point to factors that are favourable for overdeepening formation. The effects of basal 
temperature are not well understood but the action of water at the glacier bed most probably has 
a decisive influence. Notably, overdeepening tends to occur where ice is (or has been) warm-
based, which enables sliding and thus erosion, and where surface water is produced and is able 
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to reach the bed, as this promotes rapid sliding, stimulates quarrying, and enables efficient 
sediment flushing, thereby preventing the accumulation of thick till layers that would prevent 
deep bedrock erosion. Basal shear stress and ice thickness can vary within wide ranges. 

Lithological changes (e.g. transitions from hard to soft bedrock) do not appear to be necessary 
preconditions for overdeepening, but likely favour the process, most obviously by providing 
initial bed irregularities and hence promoting areas of surface crevassing that focus surface 
water and water pressure fluctuations at the bed to amplify ice-erosion feedbacks (e.g. Hooke 
1991). For example, Preusser et al. (2010) observed that weaker lithologies appear to control the 
location of some of the overdeepenings within the European Alps. Further, the finding that 
overdeepened valleys in the Swiss Alpine foreland are mostly restricted to areas with a Molasse 
substratum and end on reaching the Mesozoic limestone of the Jura (see also Jordan 2010) 
suggests a potential influence of bedrock lithology on subglacial hydrology which in turn affects 
the efficiency of erosion and sediment evacuation. For example, measurements from Glacier de 
Tsanfleuron, Switzerland, show that large amounts of basal water (approximately 95%) are lost 
into the underlying limestone karst thereby preventing high water pressures and associated 
dynamic glacier responses to seasonal meltwater inputs (Grust 2004, Gremaud & Goldscheider 
2010). 

 
(3) How does overdeepening affect the hydrology of glaciers and ice sheets? 

What is the style and transmissivity of subglacial drainage within overdeepenings? Can 
efficient subglacial channels be present, under what conditions, and how do they form? 
Does water also follow lateral or englacial flowpaths and how do these form? What are 
the proportions of water in competing drainage pathways and does this evolve 
seasonally? 

Water flow is complex across overdeepenings. Morphologically, subglacial channels or 
conduits can be maintained, or give way to distributed systems, depending on water input and 
the ratio of the steepness of the glacier bed relative to that of the hydraulic gradient on the 
adverse slope on the basin’s down-ice side. Water can be supplied from the ice surface (via 
fractures, crevasses and englacial conduits), or from up-ice along the ice-bed interface. 

Subglacial drainage along the adverse slope is perhaps the most critical part of the water system. 
Here, some of the heat generated by viscous dissipation must be used to keep the water at the 
pressure melting point, such that less heat is available to maintain melting of channel walls (e.g. 
Hooke 1991, Alley et al. 2003a). Further, if insufficient heat is available to maintain water at the 
pressure melting point, some of the water will freeze because of glaciohydraulic supercooling. 
Ice formation, particularly ice accretion to channel walls, will reduce the cross-sectional area of 
the drainage system and thus its transmissivity, such that water pressures along the adverse 
slope will increase and may even exceed the local ice overburden pressure. Although the 
resulting negative effective pressures (effective pressure being ice overburden minus water 
pressure) imply that the morphology of drainage along the adverse slope will be entirely 
distributed, the stability of a channelized drainage system ascending an adverse slope will 
actually depend on the closure rate function. Nevertheless, it remains that efficient drainage is 
not observed where water is freezing along the adverse slope, nor is efficient drainage predicted 
by theory. 

The ratio of the steepness of the subglacial bed relative to that of the hydraulic gradient driving 
flow determines whether glaciohydraulic supercooling will occur and thus whether ice will form 
(e.g. Alley et al. 2003a, 2003b). The common assumption is that water pressure equals ice 
overburden pressure, such that the threshold conditions for supercooling can be defined in 
relation to the ratio of the ice-bed to the ice-surface slope. However, coupled numerical models 
that solve for the pressure regime (both 1-D and 2-D) indicate that water flow is generally not 
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equal to ice overburden (Flowers & Clarke 2002, Schoof 2010, Creyts & Clarke 2010, Creyts et 
al. submitted). Thus, the threshold for freezing appears to be more dynamic, reflecting seasonal 
and diurnal changes in water supply and seasonal changes in drainage system morphology and 
transmissivity (i.e. cross-sectional area). 

If permeability of the ice is high, elevated water pressures along the bed will cause water to 
diverge upward into the englacial water system. Evidence from Storglaciären, Sweden, indicates 
that a high percentage of water flux (possibly as much as 90%) flows through the englacial 
system (Hooke & Pohjola 1994, Fountain et al. 2005). Additionally, englacial conduits have 
been postulated for englacial water flow, and radar data from Matanuska Glacier, Alaska, show 
signs of englacial channels (Lawson et al. 1998). Hydraulic gradient, effective pressure and 
water depth are all coupled tightly and therefore loss of subglacial water to an englacial system 
is very likely to affect the nature of flow at the bed. This in turn may modify bed conditions. For 
example, changes to the hydraulic gradient in the subglacial system may affect the 
glaciohydraulic supercooling threshold and thus patterns of erosion and sedimentation that 
control the shape of the bed. 

Pressures behind the adverse slope can be high but decay to below ice overburden at some 
distance upstream. This decay presumably correlates with an upstream switch in drainage 
morphology. Modelling results indicate that, in these areas, water flow will be preferentially in 
channels, provided the length scale of the adverse slope and the pressure variations associated 
with it are smaller than the length of the overdeepening. Further, results indicate that efficient 
channels that flow around the overdeepening (i.e. along the valley sides) can evolve provided 
the length scale of the overdeepening and that of the pressure variations are of a similar scale. 

From the foregoing discussion, it is clear that there is much uncertainty regarding the nature of 
the subglacial water system in the presence of an overdeepening. Much of this uncertainty 
results from the lack of detailed, quantitative measurements. Many site-specific field studies 
record data over short time scales, and the measurements are not repeated (either seasonally or 
yearly). Additionally, analytical, steady-state computations are useful, but do not capture the 
wealth of hydrologic behaviours. Improvement of numerical models will help our 
understanding. 

Glacial erosion models that incorporate a simple relationship of erosion rate to glacier sliding 
velocity (using a simplified sliding law) are able to generate overdeepenings in cirques and 
trunk valleys which appear realistic (e.g. MacGregor et al. 2000, Anderson et al. 2006). These 
models also predict confluence-type bedrock-steps and overdeepenings, since ice convergence 
causes an increase ice flux and velocity. However, terminal overdeepenings, such as those that 
occupy the Swiss Alpine foreland, cannot be explained as easily because these are areas of 
divergent ice flow. Despite the importance of subglacial water pressure for basal sliding and 
quarrying, and the requirement for erosion products to be evacuated, a weakness of many 
models is the exclusion of water and sediment transport processes. By incorporating simplified 
representations of subglacial drainage into glacial erosion models, Herman et al. (2011) and 
Egholm et al. (2012) have recently demonstrated the important influence of hydrology on 
spatial patterns of erosion and the formation of overdeepenings. Finally, although the 
significance of erosion and evacuation of erosion products by glacial meltwater is being 
increasingly recognized, glaciofluvial processes remain to be fully implemented in glacial 
erosion models. 
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(4) How pervasive is glaciohydraulic supercooling and what is its significance? 

What are the spatial and temporal controls on supercooling? How does the presence of 
englacial flowpaths affect supercooling? What are the rates of basal ice formation and 
sediment transfer? What are the implications for glacier hydrology, till continuity and 
processes of ice motion? 

Evidence for the operation of glaciohydraulic supercooling has been recognised at a number of 
glaciers that occupy overdeepenings (e.g. Matanuska Glacier, Alaska; Svínafellsjökull, 
Skeiðarárjökull, Skaftafellsjökull, Iceland) but such evidence is not observed widely. Thus, 
whilst theory indicates that supercooling may be a potentially important process for glacier 
hydrology, dynamics and sediment transfer, field studies are limited and significant uncertainty 
remains. 

Spatial variability is perhaps explained by overdeepening characteristics. At some glaciers (e.g. 
Matanuska), evidence for supercooling appears to be widespread (Lawson et al. 1998), whereas 
at other glaciers (e.g. Svínafellsjökull), evidence is geographically constrained (Cook et al. 
2007, 2010). Further, other glaciers with terminal overdeepenings (e.g. Kvíárjökull, Iceland) 
exhibit little firm evidence that the process is in operation (Spedding & Evans 2002, Swift et al. 
2006). It may be that, in many overdeepenings, only a part of the adverse slope meets the 
supercooling threshold. This indicates that supercooling may not be as dominant a control on 
hydrology and sediment transport as has been suggested. Unfortunately, there have been no 
systematic analyses of the distribution of supercooling at the bed and the distribution of the 
threshold criteria that are believed to promote it. 

Evidence further indicates that operation of glaciohydraulic supercooling varies over time. 
Temperature measurements from vents of upwelling water indicate that supercooling is not 
always observed at the same vent. However, such observations are very limited, measurements 
exist only for short (~2 hours) periods, and measurements are biased toward summer field 
seasons, when discharge is typically higher. Modelling studies further indicate that supercooling 
may be temporally discontinuous because of changes in hydraulic gradients, both seasonally and 
diurnally, and the transmissivity of existing flowpaths (Creyts & Clarke 2010). This indicates 
that a canonical threshold criterion for supercooling – specifically the bed slope to ice-surface 
slope ratio – is unlikely to be robust and may under- or overestimate the significance of 
supercooling according to season and/or time of day. Further field data and modelling are 
therefore required to determine the persistence of supercooling over time. In particular, 
subglacial measurements and longer records from ice-marginal sites are required. 

Basal ice provides a potentially rich record of the spatial and temporal operation of 
supercooling. However, basal ice formation and sediment transfer associated with 
glaciohydraulic supercooling have been quantified at only a handful of sites. Field observations 
are in agreement with modelling results in terms of ice accretion rates. These indicate that 
accretion rates of 0.1 m a-1 are typical, but estimates range widely, and indicate that rates up to 1 
m a-1 may be possible. Further, modelling work has not yet quantified the rate of sediment 
accretion, which field evidence has indicated can range from 0 to 95% by ice volume. Available 
field quantifications indicate basal ice accretion can produce sediment flux rates ranging from 
4.8–9.6 m3 m-1 a-1 at Svínafellsjökull (Cook et al. 2010) and 56 m3 m-1 a-1 at Matanuska Glacier 
(Larson et al. 2006). The location and specific mechanisms of ice accretion may be important in 
producing the observed wide variability in the rates of sediment flux and accretion. 

In summary, although it is clear that overdeepenings play a key role in sediment transfer, the 
role of supercooling in terms of determining sediment transport and overdeepening geometry is 
less certain than previously thought. Regardless of the significance of supercooling, deposition 
should occur at the downstream end of an overdeepening, as dictated by water and sediment 
transport thresholds, and water will still be forced to distribute when adverse slopes are 
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sufficiently steep and/or sediment deposition is high. Further, erosion might still be possible at 
the downstream end of overdeepenings even when conditions meet or exceed the supercooling 
threshold. 

 
(5) How does overdeepening affect glacier and ice sheet motion? 

How responsive are glaciers to fluctuations in basal water pressure and what are their 
implications for ice motion? How significant is the presence of a till layer? What is the 
effect of different styles and transmissivities of subglacial drainage and their seasonal 
evolution? What is the potential for flow separation and flow stagnation at depth? Does 
the presence of overdeepening enhance net ice flux or do non-overdeepened areas 
‘restrain’ flow? 

The bedrock topography of overdeepenings, consisting of a steep headwall, a trough, an adverse 
slope, and a riegel affects ice motion in several ways. First, these topographic features act like a 
series of obstacles and depressions that limit the bulk viscous flow of ice. Second, the presence 
of subglacial water regulates the sliding speed and affects the basal shear stress because it 
determines the fraction of ice in contact with the bed. Third, englacial water may weaken the ice 
effective viscosity, making it more 'fluid'. Some of these processes operate together: for 
example enhanced sliding due to high water pressure in the overdeepening is limited by the flow 
constrictions imposed by ice having to move over the riegel. Longitudinal coupling thus plays 
an important role in controlling the overall movement of ice in overdeepenings. Other factors, 
such as bedrock lithology and till layer thickness also impact ice motion. 

Flow of a viscous or visco-plastic fluid (like ice) over an undulating bed (flow over bed 
obstacles) is slower than over a flat bed, whether or not the fluid adheres to the bed. Larger 
obstacles provide more resistance to flow and reduce the flux. With increased obstacle 
amplitude, flow separation may occur as the fluid passes over the obstacle, creating a 
recirculating vortex in the lee of the obstacle. This has been shown theoretically (Gudmundsson 
1997) to occur for Newtonian and power-law (Glen's flow law) ice flowing past sinusoids when 
the ratio of the amplitude to the wavelength is greater than about 0.3. This ratio, however, is 
very unlikely to occur or be exceeded in nature owing to the limited depth of overdeepenings 
with respect to their length. Thus, it is fairly safe to state that stagnation or recirculation of ice is 
extremely unlikely to exist in overdeepenings. 

Basal water pressures vary both in magnitude and in size of fluctuations along the length of a 
glacier, thereby modifying the ratio of sliding to internal ice deformation. In overdeepenings, 
water pressure is likely near flotation and may not fluctuate much (e.g. Hooke & Pohjola 1994). 
High water pressures increase the ratio of sliding to internal deformation regardless of whether 
the bed is hard or soft. Ice can move via plug flow. In a distributed subglacial water system with 
high water pressures, basal shear stress should be low owing to either ice decoupling from the 
soft bed or to cavity formation over a hard bed. Variations in surface velocity should thus be 
small as water pressures do not fluctuate much. These variations, however, may be amplified by 
longitudinal coupling to areas up- and downglacier where water enters the subglacial system 
through crevasses and moulins over riegels and water pressure fluctuations likely do occur 
(Hooke et al. 1989). 

For both hard and soft beds, high non-fluctuating water pressures enhance sliding by either 
water cavity formation or ice decoupling from the till. In both cases, high sliding speeds should 
be associated with low shear stresses because of a reduction in the area of contact between ice 
and bed. This is contrary to the commonly used sliding rule which states that sliding speed 
increases monotonically with shear stress at a constant effective water pressure. A more realistic 
sliding rule for hard beds is one in which shear stress increases with sliding speed when ice is 
coupled to the bed, reaches a maximum as ice starts to decouple, and then decreases with sliding 
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speed, as ice either floats over the till or large water cavities are formed. Such a sliding law with 
an upper bound was first described by Iken (1981) and then put on a sound mathematical basis 
by Schoof (2005) for Newtonian ice. A generalization of this rule for non-Newtonian ice and 
locally infinite bedrock slopes was proposed by Gagliardini et al. (2007) based on numerical 
calculations. This new sliding rule, however, is seldom used in large-scale models of glaciers 
and ice sheets. Some may argue that the monotonically increasing sliding rule most commonly 
used in ice-sheet models and large-scale models of landscape evolution is the appropriate rule 
when considering the large spatial scales of these models. There is, however, no theory that 
shows this to be the case. Thus, care should be taken when analyzing ice-sheet or glacier 
velocities that use this monotonic rule. This is particularly important when considering large-
scale models of glacial erosion that use an erosion rule that depends linearly on the sliding 
speed. 

Along the adverse slope, water may be forced englacially as subglacial conduits may become 
plugged. Ice effective viscosity is extremely sensitive to water content (Duval 1977, Cohen 
2000), therefore ice may become less viscous and its ability to flow, and thus to accelerate, may 
increase as it flows over the riegel. Unfortunately, no data exist to substantiate this effect. 

The above discussion demonstrates that the significance of overdeepening for the flow of 
glaciers and ice sheets is poorly known. In comparison to a glacier on a monotonically inclined 
bed, the flow of a glacier on an undulating bed consisting of overdeepening/riegel-topography is 
likely to be less efficient. However, in the case of a glacier occupying a single overdeepened 
trough, high basal water pressures, till deposition and an absence of riegel-like topography to 
restrain flow implies that ice discharge may be very efficient. This latter morphology is 
characteristic of many present and former fjord and outlet glaciers, where the glacier occupies a 
long, deep trough and terminates against a pronounced terminal riegel or fjord lip. 
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Dynamics of ice flow past overdeepenings 

Denis O.H. Cohen 

The speed of ice flowing past overdeepenings is controlled by several factors such as the basal 
water pressure and its fluctuations in space and time, the presence of a till layer, the elevation of 
the riegel above the overdeepening, the depth and length of the overdeepening, and the amount 
of englacial water. The topography of the overdeepening (depth, adverse slope length, steep 
down-ice facing slope at its upglacier end) are likely to have first order control on the speed of 
ice above the overdeepening. Riegels act like a series of obstacles to flow of what would 
otherwise be ice flowing down a nearly flat inclined plane. By adding viscous resistance, riegels 
slow the motion of the ice. 

High water-pressure fluctuations in the upglacier part of the overdeepening near the headwall 
are likely to induce variations in sliding speed as sliding is strongly dependent on water 
pressure. These fluctuations could be dampened by longitudinal stress gradients along the 
overdeepening. Commonly used models of sliding indicate that sliding speed increases 
monotonically with shear stress and is inversely proportional to effective stress (e.g. Cuffey & 
Paterson 2010). These models do not take into account water cavity formation in the lee of 
bedrock obstacles. These cavities will locally limit the maximum shear stress exerted by ice on 
the bedrock (Schoof 2005, Gagliardini et al. 2007), focusing shear stresses elsewhere (Fig. 1). 
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Fig. 1: Sliding law with cavity formation calculated for different values of the power-law 
exponent n in Glen’s flow law (Gagliardini et al. 2007). Normalized shear stress 
(y-axis) reaches a maximum before decreasing with increasing sliding speed. Good 
agreement is found with the semianalytical result of Schoof (2005) (solid curve). 
The dash-dotted line corresponds to the sliding law in the absence of cavitation 
ub=Asτbn. N is the effective normal pressure, C is the maximum value of τb/N and As 
is the sliding parameter in the absence of cavitation. 

 
High water pressures in the downglacier parts of overdeepenings may decouple ice from the 
substrate further enhancing sliding (Hooke 1991). Englacial water may reduce ice effective 
viscosity, further softening the ice and increasing ice speed. This effect has not been quantified. 

Variations in bedrock topography due to overdeepening causes ice to move slower above the 
deepest parts of overdeepening owing to mass conservation. In theory, deep sinusoidal troughs 
could induce flow recirculation when the ratio of depth to length is greater than 1/3 
(Gudmundsson 1997) (Figs. 2 and 3). This ratio is, however, never observed in overdeepenings 
(e.g. Hooke 1991, Lawson et al. 1998, Preusser et al. 2010). Furthermore, topography of 
overdeepenings is commonly more open than sinusoids, further limiting the propensity for flow 
recirculation. In the deepest parts of overdeepenings stagnant ice could exist that could limit 
further erosion. 
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Fig. 2: Minimum sliding speed at the bottom of sinusoidal troughs as a function of the 
ratio of amplitude a to wavelength λ for different values of the power law exponent 
n in Glen’s flow law (Gudmundsson 1997). Negative values reflect upglacier flow 
in a recirculating eddy. 
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Fig. 3: Detailed view of flow recirculation within a trough of a sinusoid (Gudmundsson 
1997). 
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Sediment transfer in subglacial overdeepenings 

Simon J. Cook 

A detailed understanding of sediment transfer processes is required in order to evaluate the rate 
and magnitude of glacier bed overdeepening. Four sediment transfer processes have been 
identified within overdeepenings based on field and theoretical studies. These include (i) freeze-
on associated with glaciohydraulic supercooling, (ii) glaciofluvial sediment evacuation, (iii) 
elevation of basal sediment through glaciotectonic processes (folding and thrusting) associated 
with longitudinal compression against the adverse slope of an overdeepening, and (iv) export of 
sediment through the deforming bed conveyor. Overall, glacial sediment transfer processes are 
expected to dominate over glaciofluvial sediment transfer processes (Fig. 1). However, there 
remain a number of uncertainties concerning the relative importance of these processes for 
sediment transfer, and the extent to which the importance of these processes might vary over 
time and space. 

 

 

Fig. 1: Schematic showing hypothesised proportions of sediment in glacial versus 
glaciofluvial pathways for various glacier types (Cook & Swift 2012). Temperate 
glaciers with terminal overdeepenings (c) are likely to possess the greatest total 
fluxes and the greatest glacial fluxes because the presence of an adverse slope 
reduces the efficiency of subglacial channels, causing sediment in glaciofluvial 
transport to be deposited and entrained by glacial transport processes. 

 
Of the four sediment transfer processes identified, glaciohydraulic supercooling has received the 
most research attention, especially because of its potential to lead to the freeze-on of metres-
thicknesses of debris-rich basal ice, even beneath temperate glaciers (Fig. 2). However, the 
limited available results reveal a wide range of estimated sediment fluxes associated with this 
process (between 4.8 and 56 m3m-1a-1). Recent research has also questioned the pervasiveness of 
this process over time and space, even where the necessary conditions for its operation are met. 

Supercooling of subglacial water and associated freeze-up of subglacial conduits is expected 
where the adverse bed slope of the overdeepening is 20-70% steeper than the ice-surface slope 
(the so-called supercooling threshold). Glaciofluvial sediment evacuation would be limited in 
such situations and the limited available evidence indicates that such subglacial drainage 
systems are unable to transport significant quantities of bedload. Such material remains in the 
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overdeepening and is only available for glacial sediment transfer in the form of basal ice 
formation associated with freeze-on by glaciohydraulic supercooling. 

 

 
 

Fig. 2: ‘Stratified’ basal ice at Svínafellsjökull, Iceland, formed by the freeze-on of 
supercooled subglacial water. Photograph by Simon Cook. 

 
Longitudinal compression against the adverse slope of an overdeepening may lead to elevation 
of basal sediments along folds or thrust planes, although direct evidence for this process is 
limited. Nonetheless, the water-worked and glacially striated sediments within debris bands 
interpreted as thrust planes testify to the existence of a bedload lag deposit within 
overdeepenings. 

Sediment export through a deforming layer of basal sediment may be an important process if it 
exposes underlying bedrock to further erosion. However, the persistently high basal water 
pressures experienced in overdeepenings may serve to decouple the ice from the bed and limit 
the effectiveness of subglacial sediment deformation. 

Overall, it is argued that far greater research attention is required in order to document and 
quantify the importance of different sediment transfer processes within overdeepenings. 
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The response of glacial overdeepenings to basal hydrology and sediment transport 

Timothy T. Creyts 

Glaciers erode bedrock rapidly, but evacuation of sediments requires efficient subglacial 
drainage networks. If glaciers erode more rapidly than evacuation proceeds, a protective 
subglacial till layer can form to armor the bed. Drainage efficiency relies crucially on the 
configuration of the glacier surface relative to the bed. Where glaciers cross overdeepenings, 
local closed depressions, the bed opposes the ice surface and lowers the hydraulic potential 
gradient driving water flow. If the down-ice ends of these overdeepenings are sufficiently steep, 
freezing of subglacial water via glaciohydraulic supercooling changes the character of the basal 
drainage network (Fig. 1). Here, we present results of a dynamic, distributed model of coupled 
basal hydrology and sediment transport to show how overdeepenings evolve over the course of 
a melt season. We use steady-state calculations as well as numerical simulations to characterize 
subglacial water flow over an erodible alluvial subglacial bed. Numerical results from the 
Spring-Hutter equations modified to include sediment transport show behaviours that cannot be 
inferred from either local or steady-state calculations. In general, opposition of surface and bed 
slopes lowers gradients driving water flow and lessens sediment transport. These effects are 
realized readily for glaciers with a steeper hydrologic gradient driving flow. Glacier 
configurations under which glaciohydraulic supercooling occurs tend to evolve out of their 
freezing regime. Model results indicate that a stabilizing feedback can exist with respect to 
overdeepenings, but it likely is unrelated to freezing of the basal water network. Stabilizing 
feedbacks likely result from the interplay of the overdeepening, lessened water flow, and 
divergence of water along the bed and how these affect sediment transport. 
 

 

Fig. 1: Illustration of sediment transport at the ice-bed interface through overdeepenings as 
discussed by previous authors (Alley et al. 2003, 1998, Hooke 1991, Hooke & 
Pohjola 1994, Lawson et al. 1998). (a) Sediment-laden water flows into an 
overdeepening. (b) When water begins to flow up the adverse slope at the down-ice 
end of the overdeepening, pathways must be held open by water pressure instead of 
melt generated by viscous dissipation. Water diverges, and its velocity slows; 
sediment is deposited. (c) Frazil ice (illustrated as white rectangles) begins to form. 
Sediment filters through the frazil flocs. (d) Sediment is trapped as the pore water 
in frazil flocs freezes (Creyts et al. submitted). 
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For all simulations, the surface of the glacier has constant slope, but the bed has curvature at the 
outlet of the overdeepening (Fig. 2a, b). Each of these sections has a different bed-to-surface 
slope ratio R along the adverse slope that can be used as an indicator of whether 
glaciohydraulic supercooling can occur under steady-state conditions (Fig. 2c). For 
computations, three sections are chosen based on this relationship: one section at twice the 
supercooing threshold (A), one at the supercooling threshold (B), one section at half the 
supercooling ratio (C), and a flat-bedded section (D). Melt rates decrease along the adverse 
slope for all overdeepened sections, but are constant and highest for the flat-bedded section. 

Analytical, steady-state solutions show that water velocity decreases as flow starts to ascend the 
adverse slope but becomes steady where the adverse bed slope reaches a constant value. The 
reduction of sediment load capacity follows the along-path change in water velocity (Fig. 2e). 
The change in capacity means that there is a gradient in load (Fig. 2f) that yields sediment 
deposition (Fig. 2g). In this example, the deposition of sediments varies with bed curvature. The 
dependence of the sediment transport formulas on water velocity yields this result, and it is a 
general feature of such formulas. Because the flat-bedded section has no curvature, it maintains 
a constant sediment flux with neither erosion nor deposition. 

Numerical simulations presented by Creyts et al. (submitted) have a key difference from 
analytical calculations in that the model has e.g. fully coupled water depth, velocity, 
temperature, pressure, and subglacial sediment erosion. This means that where freezing occurs, 
water depth decreases. Because the simulations are one-dimensional, they have constant 
discharge across the overdeepening. Therefore, a decrease in water depth yields an increase in 
water velocity. For much ice freeze-on from glaciohydraulic supercooling, water velocity 
increases enough to erode the sediments below the water system along the terminus. 
Conversely, where melt is prevalent, such as in the flat-bedded case, water velocity decreases, 
and deposition results. 

Both the analytical and numerical results depend on the curvature of the hydraulic potential. For 
the analytical results presented here, the variation in deposition is a direct result of the curvature 
hydraulic potential being dependent on the surface and bed slopes of the glacier. Because water 
pressure is determined dynamically in the numerical simulations, they contain a different spatial 
structure to erosion and deposition. 

For Switzerland, results presented here suggest that glaciofluvial erosion along the downstream 
portions of overdeepenings is possible depending on whether glaciohydraulic supercooling 
occurs. Where freeze-on occurs, water can increase in velocity as it distributes over the glacier 
bed. Channelized drainage, however, near the termini of overdeepenings will likely result in 
deposition of glacial sediments. Site characterization will help determine what has happened in 
the past with respect to these processes and aid in determining future scenarios. 
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Fig. 2: (a) An example overdeepened section (A) with an adverse slope at twice the critical 
supercooling threshold. (b) Three example longitudinal sections used in 
simulations with B: an adverse slope at the critical supercooling threshold, C: an 
adverse slope at half the supercooling threshold, and D: a flat-bedded section. 
Coloured lines along the beds in (a) and (b) correspond to information in the lower 
panels. Labels A, B, C, and D correspond to figure panels for time-dependent 
results. (c) Surface to bed slope ratio R for each of the sections. (d) Steady-state 
melt rate for each section. (e) Steady-state total load (suspended + bed) for each of 
the sections from the formulation of van Rijn (1984a, 1984b) with constant water 
depth of 0.09 m. (e) Along-path gradient of total load from (d). (f) and (g) Rate of 
change of the bed for each section (Creyts et al. submitted). 
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Bedrock overdeepenings and new lakes in de-glaciating high-mountain regions 

Wilfried Haeberli, Holger Frey, Andreas Linsbauer, Frank Paul 

Bedrock overdeepenings underneath glaciers constitute potential sites of lake formation when 
becoming exposed. A large number of new lakes are indeed forming in high-mountain regions 
as a consequence of global warming and rapid glacier vanishing. Such lakes are not only 
attractive landforms and of considerable interest for hydropower production and water supply 
management, but also represent an increasing flood hazard to humans and their down-valley 
infrastructure (Haeberli et al. 2010). Considerable efforts are therefore now undertaken to 
develop early-detection strategies and numerical model simulations in view of anticipating 
spatiotemporal distribution patterns of overdeepenings, potential future lake formation in de-
glaciating high mountain regions and related options of sustainable management (Frey et al. 
2010, Künzler et al. 2010, Linsbauer et al. 2009, Paul & Linsbauer 2012, Schaub et al. in press, 
Terrier et al. 2011). The availability of satellite imagery and digital terrain information thereby 
opens excellent possibilities for qualitative to quantitative assessments with respect to bedrock 
overdeepenings in presently still glacierized areas even in remote regions. 

A tiered strategy for detecting and qualitatively describing bedrock overdeepenings in large 
glacierized regions (Frey et al. 2010) starts with a GIS-based determination of low-slope glacier 
surfaces (cf. Reynolds 2000). Based on principles of perfect plasticity (constant shear stress 
assumption), sites with transitions from flat and crevasse-free surfaces (compressive flow) to 
markedly steeper and crevassed surfaces (extending flow) are then determined as potential 
bedrock sills at the down-valley ends of overdeepenings. Reduction of glacier width along the 
flow direction can be a further indication of such sills in the glacier bed, as the width-to-depth 
ratio of glaciers appears to vary within relatively narrow ranges. 

Numerical models to determine ice thickness distribution and glacier bed topography use the 
basic principle of an "inverted flow law": the mass turnover governs the ice flow and the ice 
flow is in a non-linear way connected to the driving stress, which couples surface slope and 
thickness. Two main approaches are being applied: (a) empirical relations between average 
shear stress, mass balance gradient and elevation range of individual glaciers (Haeberli & 
Hoelzle 1995, Linsbauer et al. 2009, 2012, Paul & Linsbauer 2012), and (b) coupled mass 
conservation/flow models (Farinotti et al. 2009). The driving stress approach (a) is fast, easily 
understandable and robust; the large scatter in the empirical relation leads to a corresponding 
uncertainty of the ice thickness estimates of around ± 30%. Mass conservation/flow models (b) 
might have even larger uncertainties because of limited quantitative information about the 
involved surface fluxes and flow components. They thus need to be locally calibrated with 
depth soundings (mostly GPR), but thereby lose their originally envisaged complexity as well as 
their wider applicability in space (unmeasured glaciers) and time (past, future). Both approaches 
relate spatial ice thickness variability via driving stresses to surface slope as provided by digital 
elevation models. As a consequence, the modelled relative bedrock topography is much more 
robust than absolute thickness estimates: The recognition of bedrock overdeepenings in still 
glacierized regions is a rather safe and realistic procedure. It is nevertheless recommended to 
inter-compare the results from approaches (a) and (b). Furthermore, the morphological 
indications from GIS-based slope analysis and from crevasse patterns/width variations visible 
on satellite images should be applied to reduce remaining uncertainties. 

An example of regionally modelled bed overdeepenings/potential sites of lake formation is 
given in Figure 1. It is noteworthy that pronounced overdeepenings can occur under high-stress 
as well as low-stress conditions. 
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Fig. 1: Modelled bedrock overdeepenings in the region of the Great Aletsch and Rhone 
Glacier classified by their mean depth. The used GlabTop model was run by 
Andreas Linsbauer. 
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Erosion of overdeepenings 

Roger LeB. Hooke 

An overdeepening consists of three key parts: (i) an adverse slope at its downglacier end, (ii) a 
relatively steep down-ice facing slope at its upglacier end, and (iii) a gently sloping reach 
between the two. The length of the latter may range from <10-1 km in cirques to 102 km in 
fjords. 

The adverse slope plays a crucial role. To appreciate this, let’s review the Röthlisberger-Shreve 
model for conduit evolution. Here, ‘conduit’ should be understood to include thin water sheets 
as well as both broad low conduits and more sharply arched ones cut upward into the ice. Over 
time scales of several days there must be an approximate balance between the melt rate on the 
walls of these conduits and the rate of closure by plastic flow of ice. The energy for melting 
comes from viscous dissipation in the flowing water. The conduit closure rate is determined by 
the difference between the pressure in the water and that in the ice. The latter is proportional to 
ice thickness. 

If water is flowing up an adverse slope, some of the dissipated energy must be used to warm the 
water as the pressure melting temperature rises. All available energy will be consumed in this 
way if the magnitude of the adverse slope exceeds ~1.7 (±~0.3) times the slope of the glacier 
surface. In this case, no energy is available to melt conduit walls, and to ‘balance’ closure the 
water pressure in the conduit must rise to the overburden pressure. That this occurs is shown by 
water pressure measurements in overdeepenings on Storglaciären (Fig. 1; Hooke & Pohjola 
1994) and Glacier d’Argentière (Hanz & Lliboutry 1983). 

 

 
 

Fig. 1: Longitudinal section through the main overdeepening on Storglaciären. Square 
symbols show heights of water columns in boreholes (Hooke & Pohjola 1994). 
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Intuition and theoretical considerations suggest that if the water pressure reaches the overburden 
pressure, water will spread out across the bed in a thin sheet (Creyts & Clarke 2010). 
Observations in boreholes on Storglaciären support this model. The water there appears to form 
a discontinuous film with thin water pockets that periodically connect, allowing release of water 
in the downglacier direction (Hooke & Pohjola 1994). As this water system is inefficient, water 
is also diverted upward into englacial conduits that are larger and more continuous, and laterally 
into shallow subglacial marginal conduits. The former is demonstrated by common encounters 
with englacial conduits during hot-water drilling (Fig. 2; Fountain et al. 2005). The water level 
in a hole falls abruptly when an active englacial conduit is perforated. Tracer and borehole video 
experiments show that water rises in holes that reach the bed but drain above it (Hooke et al. 
1988, Hooke & Pohjola 1994). 

 

 

Fig. 2: Longitudinal section through main overdeepening on Storglaciären showing depth 
at which active englacial conduits were encountered while drilling (Hooke & 
Pohjola 1994). 

 

In order to maintain water flow in the down-ice direction, the high water pressure must persist 
upglacier until a significant section of down-glacier-sloping bed is reached. It seems likely that 
this section of the bed, probably lying beneath an ice fall, must extend above the glacier surface 
in the overdeepening, although I have not yet looked at this theoretically. The energy released 
by the water as it flowed down this slope would then be able to melt conduit walls, so high 
pressures would no longer be necessary to hold them open. 

Ice flowing down this steep section of the bed is likely to be crevassed. Crevasses admit water 
to the englacial and subglacial drainage system. This water comes from melt and rain, both of 
which vary on time scales of hours. The englacial drainage system through the overdeepening is 
not adjusted to carry the higher flows without an increase in pressure, so water backs up in the 
crevasses and the water pressure at the bed rises. Such (commonly diurnal) fluctuations in water 
pressure facilitate quarrying (Iverson 1991) on the downglacier-sloping section of bed. 
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Further downglacier water pressure fluctuations at the bed are damped by the tortuous 
distributed conduit system along the base of the overdeepening and by pressures that already 
approach the overburden pressure. Thus, quarrying is localized on the steep section, and quite 
likely near its bottom, thus steepening it, forming a headwall (Hooke 1991). Over time scales of 
kiloyears, this headwall retreats, thus extending the length of the overdeepening. 

The inefficient drainage along the bed also minimizes evacuation of sediment. Multiple holes 
drilled through Storglaciären encountered a sediment layer at least a few decimeters in thickness 
(Hooke et al. 1997). One can speculate that the thickness of such layers reflects a balance 
between processes that add to it and those that move it downglacier and eventually to the 
terminus. The most important till generation process in this zone is likely abrasion of the bed by 
rocks quarried from the steep slope upglacier, which should decrease in effectiveness with 
increasing thickness of the layer. Evacuation of the till is probably partly by deformation of the 
layer and partly by entrainment in a basal layer of dirty ice. The latter occurs where the adverse 
slope is steep enough to cause freezing of some of the water moving up it, forming frazil ice that 
likely traps fine sediment in the water and then becomes incorporated into the glacier sole 
(Lawson et al. 1998). 

If this model is correct, the length of the overdeepening is controlled by the regional topography 
and is limited by the length of time the valley has been occupied by ice and by the vigor of the 
quarrying on the headwall. Longer overdeepenings can develop in areas of more gently sloping 
topography as in foreland basins or plateaus. Conversely, shorter ones will be found in valleys 
cut into mountains. In the latter, the length is normally short enough that the adverse slope at the 
overdeepening’s down-ice end merges with the base of the positive slope at its up-ice end, 
minimizing the length of any nearly level bed in the middle and forming a spoon shaped 
depression. In the limit, the length becomes negligible in cirques. 

Controls on the depth of an overdeepening are a little less clear. The till layer likely inhibits 
erosion of the bed. If this is the case, an overdeepening would evolve by headward migration of 
its steep upglacier end, and deepening would be limited by the requirement that the adverse 
slope not exceed ~1.7 times the slope of the glacier surface. Secular changes in the surface slope 
would result in small changes in this slope, and shorter-term variations in water input could 
periodically override this limit (Creyts & Clark 2010). This model, however, does not explain 
the morphology of fjords, the bottoms of some of which slope upwards toward the terminus 
while others appear to slope gently downwards (Holtedahl 1967). Here I speculate that there 
may be a limit to the depth to which quarrying can extend. On a headwall, pressure fluctuations 
may become muted at depth, particularly near and below the elevation of the riegel at the 
downglacier end of the overdeepening, because the water pressure is already high, conduits are 
restricted, and much of the water may be diverted to englacial pathways. 

So far, we have bypassed questions of the initial origin of overdeepenings and the time scale for 
their development. Taking the second question first, we presume that the overdeepenings we see 
today were deepened and extended any time they were occupied by ice. This is likely true for all 
overdeepenings: cirques, paternoster lake chains, long deep valleys like Yosemite in California 
or the Rhone in Switzerland, and fjords on continental margins. As glacial advances in the 
northern hemisphere began over 2 million years ago, there seems to be no shortage of time. 

Prior to the first time a valley was occupied by a glacier, however, it would have been cut solely 
by streams. The valley would have been V-shaped and would not have had any (significant) 
overdeepenings. The slope might have steepened over areas of more resistant rock, however, 
and perhaps also in valley constrictions. Such convexities in the profile would have been likely 
places for crevasses to develop in a glacier occupying the valley for the first time. The crevasses 
would have focused quarrying, and unlike rivers, glaciers can transport entrained material up 
adverse slopes so quarrying can deepen a valley ‘below grade.’ In the case of fjords, the adverse 
slope at the distal end may develop by deposition, for example of a morainal bank. 
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Water flow in overdeepenings and its ice dynamic implications 

Darrel A. Swift 

The nature of water flow at a glacier bed has significant implications for rates and processes of 
subglacial erosion and glacier flow. Surface runoff that reaches the glacier bed promotes strong 
quarrying (e.g. Hooke 1991) and the formation of subglacial channels, which flush sediment 
from the ice-bed interface and thereby inhibit the accumulation of subglacial till (e.g. Alley et 
al. 1997). These processes are important for overdeepening because they enable efficient 
bedrock erosion to depths many tens of metres below fluviatile base level. The presence of 
channels also increases drainage system transmissivity and therefore reduces mean basal water 
pressures. However, overdeepening inhibits the efficiency of the channel network, thereby 
raising basal water pressures and stabilising overdeepening geometry by reducing the flushing 
of basal sediment (e.g. Alley et al. 2003). The ‘stabilising feedbacks’ that reduce flushing and 
increase water pressures include: (1) the reduced channel-wall melt-rate ability of channels 
ascending adverse slopes (e.g. Magnússon et al. 2011); and (2) the closure of channels 
ascending adverse slopes by glaciohydraulic supercooling (e.g. Creyts & Clarke 2010). In 
addition, overdeepening is likely to promote alternative, more efficient flowpaths that ‘traverse’ 
or ‘bypass’ the overdeepening (Fig. 1). These may capture surface runoff (e.g. Iken et al. 1996) 
and/or flow from the glacier bed (e.g. Hooke & Pohjola 1994), and thus may influence basal 
water pressure and the evolution of overdeepening geometry and depth. 

Alternative flowpaths, including lateral and englacial conduits, have been observed in nature 
and indicate a potentially complex en- and subglacial drainage system in areas that have been 
overdeepened (e.g. Fountain 1994, Hantz & Lliboutry 1993, Hooke & Pohjola 1994). The 
formation of such pathways is poorly understood. Walder & Fowler (1994) have proposed that 
subglacial waters may be able to ‘traverse’ overdeepenings via substantial englacial conduits 
that have down-cut through ice onto bedrock, although Fountain et al. (2005) have argued that 
englacial flow is largely via a dense and inefficient network of fractures. Far less attention has 
been paid to lateral channels, which have occasionally been observed to conduct flow, presumed 
to be from subglacial sources, along lateral margins of an overdeepening (e.g. Hantz & 
Lliboutry 1983, Seaberg et al. 1988, Hooke & Pohjola 1994). The proportion of surface runoff 
that is captured by such pathways and prevented from reaching the overdeepening, and the 
proportion of subglacial flow that may be diverted around or across the overdeepening, is also 
poorly understood, yet it is likely to be significant. For example, Hooke & Pohjola (1994), 
having observed an extensive englacial conduit network above an overdeepening at 
Storglaciären, demonstrated theoretically that englacial conduits should possess lower water 
pressures than channels of similar size at the glacier bed. Englacial flow should therefore be 
preferred, although this conclusion is dependent on assumptions concerning conduit shape and 
roughness, and the availability of englacial pathways. Further, the seasonal evolution of 
alternative flow networks has yet to be explored, yet the implications for glacier hydrology and 
the evolution of overdeepening depth and geometry could be significant. For example, because 
glaciohydraulic supercooling in subglacial channels depends partly on flow velocity and hence 
the overall hydraulic gradient (Creyts & Clarke 2010), preferential enlargement of an 
alternative, more efficient englacial conduit system may enhance supercooling within channels 
and thus channel closure. 
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Fig. 1: Schematic diagrams showing possible glacial drainage system pathways and 
morphologies in the presence of subglacial basins and/or overdeepenings (Cook & 
Swift 2012). (a) Surface and/or subglacial runoff that reaches a basin or 
overdeepening may follow subglacial (A), englacial (B) or lateral (C) pathways. 
The morphology, evolution and stability of such pathways is poorly understood 
(see text). (b) The morphology and efficiency of subglacial flowpaths that ascend 
an adverse slope (A) is determined largely by the ratio of the ice-surface to ice-bed 
gradients (see text): steep adverse slopes reduce drainage system transmissivity and 
raise basal water pressures within the overdeepening, and adverse slopes that 
exceed 11 times the ice-surface slope will cause ponding and the formation of a 
subglacial lake (D). Englacial conduits that traverse an overdeepening may 
intercept surface runoff before it can reach the bed (B) and may divert this runoff 
across basins and overdeepenings (C). 
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Regardless of the availability of alternative flowpaths, the formation and stability of channelised 
drainage within an overdeepening is also poorly understood. For a subglacial channel that enters 
an overdeepening, there is general agreement that, providing the overdeepening is sufficiently 
deep, channel water pressures will increase until they reach ice-overburden pressure and water 
is forced to distribute across the bed (e.g. Röthlisberger 1972, Creyts & Clarke 2010). If the 
adverse slope approaches the supercooling threshold, ice formation within channels will further 
cause water pressures to increase. However, the prevailing model of subglacial channel 
formation (e.g. Hubbard & Nienow 1997) raises uncertainties that have yet to be explored. The 
model holds that the channelised drainage system reforms seasonally as diurnally peaked 
surface runoff contributions locally destabilised the distributed system (cf. Walder 1986). This 
implies that the channel network expands upglacier as individual moulins are exposed by 
snowline retreat, but new sections of channel grow downglacier as individual moulins re-
establish hydrological connections to the existing system. Two uncertainties exist. First, it is not 
known whether uniformly high basal water pressures that are characteristic of overdeepenings 
will inhibit channel formation. For example, do high and invariant water pressures mean that the 
distributed system is less susceptible to destabilisation by surface runoff contributions? 
Secondly, it is not known whether and how overdeepening will affect the establishment of 
hydraulic connections between moulins and existing sections of a growing channel system. For 
example, the likelihood that surface runoff will be captured by englacial flowpaths, such that 
moulins that reach the glacier bed of an overdeepening are rare, may mean that hydrological 
connections at the bed have to be established over great distances, possibly over the entire 
length of the overdeepening. If channel formation within an overdeepening is inhibited in this 
way, the establishment of a channel network upglacier of the overdeepening may be inhibited 
also. 

The possible implications of overdeepening for the seasonal evolution of basal water pressures 
and sliding rates are summarised by Cook & Swift (2012). Figure 2 illustrates how, for a typical 
non-overdeepened bed, water pressure and sliding will be low initially, reflecting negligible 
volumes of surface runoff, and will increase steadily during periods 1 and 2, because surface 
runoff will begin to reach a hydraulically-inefficient distributed drainage system. Following 
this, and despite the sustained increase in surface runoff, water pressure and sliding then begin 
to decline (period 3) because the evolution of a hydraulically efficient channel system greatly 
increases the transmissivity of the glacial drainage system. For the overdeepened bed, however, 
water pressure and sliding are persistently high because the transmissivity of the drainage 
system remains low. Water pressure and sliding may decline slightly in period 3 if subglacial 
water can exploit alternative englacial flowpaths (curve i) or if conditions allow the formation of 
a rudimentary channel system. Importantly, even during periods 3 and 4 and even where 
alternative (e.g. englacial) flowpaths are available, water pressure and sliding remain above that 
of the non-overdeepened bed as a result of the generally lower transmissivity of the glacial 
drainage system. Where alternative flowpaths are absent and conditions inhibit the formation of 
channels, water pressure and sliding may continue to rise and decline during periods 3 and 4 in 
lock-step with the volume of surface runoff (curve ii). 

The above issues have implications for the evolution of overdeepenings because a preference 
for flow along alternative flowpaths should encourage stabilisation overdeepening geometry 
below that predicted by the traditional glaciohydraulic supercooling threshold (cf. Alley et al. 
2003). They may also have implications for ice dynamics. For example, although the high basal 
water pressures that are characteristic of overdeepenings indicate that an overdeepened bed 
should enhance the sensitivity of ice flow to changes in surface runoff, the presence of 
alternative flowpaths might mitigate melt-induced acceleration of ice flow (cf. Sundal et al. 
2011) by preventing runoff reaching or following sensitive areas of the glacier bed. 
Nevertheless, the net effect of the high basal water pressures associated with overdeepening is 
likely to be an increase ice velocity (Fig. 2) as observed by Hooke et al. (1989). Thus, an 
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overdeepened bed can be thought of as an equilibrium bed geometry (cf. Alley et al. 2003) that, 
by reducing drainage transmissivity and therefore balancing the rate of sediment flushing with 
that of sediment supply, produces basal conditions (i.e. high water pressures and thick till 
layers) that minimise basal drag and maximise the efficiency of ice discharge (see Cook & Swift 
2012). 

 

 
 

Fig. 2: Schematic diagram showing basal water pressure and sliding velocity over a melt 
season for a valley or outlet glacier with an overdeepened and non-overdeepened 
bed (Cook & Swift 2012). Water supply from surface runoff and basal melting is 
shown in (a) and hypothesised water pressure and sliding rate in (b). For the non-
overdeepened bed, water pressure and sliding initially increases with water supply 
and then declines rapidly as subglacial flow paths become more efficient. For the 
overdeepened bed, water pressure and sliding are persistently higher as a result of 
the lower transmissivity of subglacial flowpaths that must ascend the adverse slope. 
Higher pressures and sliding rates may also be sustained for longer because 
drainage system evolution, including switching of flow to alternative englacial 
flowpaths, is likely to be slow (curve i) or severely limited (curve ii). 
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A 2-D subglacial drainage system model applied to an overdeepening 

Mauro A. Werder 

A new 2-D model of the subglacial drainage system is applied to the case of an overdeepened 
glacier. The 2-D model couples distributed drainage through a linked cavity system with 
channelized drainage through an arbitrary network of R-channels. The model is a 2-D version of 
the one described by Hewitt et al. (2012), albeit without added complication of over- and 
underpressure described therein. However, it has a pressure dependent melt term added to the 
channel equations following e.g. Flowers (2008). 

Figure 1 shows results from a steady-state attained by forcing the model with a uniform input 
into the distributed system for a non-overdeepened U-shaped valley. Figure 1a shows the 
calculated channel system with a main channel and with tributaries flowing in from the side. 
Figure 1d shows the ratio ∇ϕm/∇ϕ, where ϕm is the hydraulic potential at the bed (with zero 
water pressure) and ϕ is the hydraulic potential in the main channel (calculated by the model). 
This ratio serves the same purpose as the ratio of bed slope to surface slope used in the 
supercooling literature. However, in the model we calculate the water pressure so we use that 
for the ratio instead. The supercooling threshold is then ∇ϕm/∇ϕ = -2.16 (red dashed line in Fig. 
1d). For the flat bed this ratio is close to zero. Figure 1e shows the sheet thickness close to the 
channel, which is small as most of the discharge flows in the channel. 

 

 

Fig. 1: Model run without an overdeepened bed. x-axis is distance along the centerline 
measured from the snout: (a) map view of the main channel (red) and side channels 
(blue); (b) centerline bed elevation; (c) effective pressure in the main channel (red) 
and in the sheet to its sides (blue); (d) ratio of the gradient of hydraulic potential at 
the bed ϕm to gradient of hydraulic potential in the main channel ϕ (blue) and ratio 
of ∇ϕm to gradient of overburden hydraulic potential ϕ0 (green); (e) water-sheet 
thickness to the side of main channel. 

  

(a) 

(b) 

(c) 

(d) 
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Figure 2 shows the same run but now with an overdeepened bed (cf. Fig. 2b) with a strong 
adverse bed slope just below the ponding threshold (R = -9.9). The model reproduces many of 
the postulated effects that an overdeepening should have on subglacial hydrology: 

• shutdown of channels (Fig. 2a) and water flow in the distributed system (Fig. 2e) (Hooke 
1991) 

• pressures above overburden (Fig. 2c) (Hooke 1991) 

• channels can go around an overdeepening if it is short enough (not shown here) (Lliboutry 
1983) 

 

 

Fig. 2: Model run with overdeepened bed. x-axis is distance along the centerline measured 
from the snout: (a) map view of the main channel (red) and side channels (blue); 
(b) centerline bed elevation; (c) effective pressure in the main channel (red) and in 
the sheet to its sides (blue); (d) ratio of the gradient of hydraulic potential at the bed 
ϕm to gradient of hydraulic potential in the main channel ϕ (blue) and ratio of ∇ϕm 
to gradient of overburden hydraulic potential ϕ0 (green); (e) water-sheet thickness 
to the side of main channel. 

 
Also it can be seen (Fig. 2d) that the ratio ∇ϕm/∇ϕ never drops below the supercooling threshold. 
Further, the model makes some novel predictions, e.g. at less steep adverse slopes but still well 
within the supercooling regime, the model predicts that the channel will be more meandering 
and thus avoid reaching the supercooling threshold as it decreases the steepness of the channel. 
Thus, the supercooling threshold may not be as strict as has been argued before. 
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