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ABSTRACT
The most recent glaciation of the English Lake District occurred during the Loch Lomond Stadial
(Younger Dryas) when full glacial conditions returned to the British Isles. The largest ice mass
formed over the Western Scottish Highlands with smaller ice masses developing throughout

the British uplands.

In the Lake District, our understanding of the extent and timing of the Loch Lomond Stadial
glaciation is patchy and poorly constrained by geochronology. Sissons (1980) proposed the
development of 64 independent alpine-style ice masses in the district during the Loch Lomond
Stadial. The location and geometry of these ice masses showed some agreement to the
earlier, but coarser scale, map of ice masses produced Manley (1959) for the same period,
however some significant differences were also apparent. More recently, McDougall (1998:
2001) has proposed the development of plateau icefields in the Lake District centred over High
Raise, Grey Knotts/Dale Head, Brandreth and Kirk Fell. This much more extensive style of
glaciation involved 40-50 m of cold based non-erosive ice occupying the plateau summits and
feeding down into warm-based geomorphologically active outlet glaciers in the valleys.
Further Loch Lomond Stadial sites have also been identified in the Lake District by Wilson

(2002: 2004) and Wilson and Clark (1998: 1999).

The geomorphology of the south-west Lake District is identified and presented here and
glaciers are then reconstructed based upon this evidence. Palaeoclimatic inferences made
based upon the reconstructed glacial extent vary greatly depending on the style of glaciation
that occurred during Stadial (alpine or plateau icefield). Of particular note, plateau icefields
have the potential to significantly raise the equilibrium line altitude (ELA) across a region. This
lowers the temperature at the ELA and therefore increases the reconstructed
palaeoprecipitation at the ELA. In order to test the viability of the reconstructed glaciers in the
Lake District, a 2D velocity-mass balance model is applied to the glaciers (adapted from Carr
and Coleman,2007). This model assumes that where a glacier is glaciologically viable under
the parameters used to drive the model, the basal velocity (U,) accounts for < 90 % of the

surface velocity in the centre of the channel (U;).

Further mass contributions to the glaciers via mechanisms such as snowblow are quantified
using a revised definition of potential snowblow areas. The significance of these areas is then
assessed with respect to the ELA of the glaciers. Digitisations of the work of Sissons (1980),
McDougall (1998), Wilson and Clark (1998: 1999) in the Lake District are then presented and
compiled with the work of the current author to illustrate the extent of the Loch Lomond

Stadial throughout the whole district.
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different angles. X indicates the displacement of the X-band produced by different
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1: INTRODUCTION

1.0: Introduction

Deglaciation and the associated climatic amelioration following the Last Glacial Maximum
(LGM) at ~ 21 ka BP was, according to Alley and Clark (1999), triggered by an orbitally induced
increase in northern hemisphere summer insolation. Several millennial scale warming and
cooling events have punctuated the last deglaciation with climatic changes most widespread
and rapid around the North Atlantic. Such events can be linked to changes in the delivery of
freshwater to the North Atlantic as a result of internal ice sheet reorganisation. The Younger
Dryas, or Loch Lomond Stadial in Britain, is the most well documented of these events which
saw an abrupt return to full glacial conditions during deglaciation (Fawcett et al., 1997).
During this period, 12,860 — 11,690 ka BP, North Atlantic sea surface temperatures dropped,

salinities decreased and the Laurentide ice sheet advanced (Bond et al., 1993) (see figure 1.1

below).
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Figure 1.1: Temperature variations indicated by the GISP2 ice core from the LGM to 8 ka BP.
The Younger Dryas cooling is shaded in grey. Note the gradual cooling during the Younger

Dryas and the abrupt warming at the beginning of the Holocene. Taken from Rowan (2007).

During this climatic downturn, the Lake District is assumed to have been characterised by an
alpine style of glaciation by Sissons (1980). 64 independent cirque/valley glaciers were
reconstructed in the district by Sissons (1980). The largest of these glaciers were located in an
east-west transect across the central fells with smaller glaciers found in the north-western and
northern fells. Prior to the work of Sissons (1980), Manley (1959) was the first to reconstruct
the extent of glaciers in the Lake District despite it being recognised for over a century that
glaciers occupied the region during the Loch Lomond Stadial (LLS). The maps of Manley (1959)
and Sissons (1980) show clear similarities in the central fells however Sissons (1980) indicates a

more extensive glaciation particularly in the western fells. The coarse scale of the map
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produced by Manley (1959) also makes it hard to distinguish the exact location of glacier limits
and the map does also not include any field data. Further LLS sites have since been recognised
in the Lake District. Most notably, the work of Wilson and Clark (1998: 1999) reconstructs 3
glaciers near Haweswater and 3 in the Skiddaw/Blencathra range in the northern Lake District.
Much other work unfortunately does not present a glacier reconstruction but instead provides
a discussion of the geomorphology of individual sites such as Upper Eskdale and Stockdale
Head (Wilson, 1977: 2004a: 2005, and Clark, 1990). In Upper Eskdale, Wilson (2004) has found
geomorphological evidence for a valley glacier but does not reconstruct a glacier due to
uncertainty surrounding the age of the moraines. Similarly, several authors have suggested
that some of the moraines used by Sissons (1980) to delimit ice masses may infact be protalus
ramparts resulting from the presence of snow-patches, para- and post-glacial slope failure
deposits or true moraines formed by the Late Devensian ice sheet (Wilson and Smith, 2006:

Wilson, 2005: Wilson et al., 2004: Wilson, 2004a: Wilson, 2004b).

More recently, McDougall (1998: 2001) has proposed a far more extensive style of glaciation in
the Lake District during the Loch Lomond Stadial. McDougall (1998: 2001) suggests that
plateau icefields occupied the district with icefields centred on High Raise in the central fells
and Grey Knotts and Dale Head further to the north-west. This work examines the influence of
the broad, rounded summits, particularly found in the central fells, on the style of glaciation
that occurred during the Stadial based on the subtle geomorphology found on the plateau
summits. The plateau icefields proposed by McDougall (1998: 2001) only cover the central
fells and replace 14 of the cirque/valley glaciers proposed by Sissons (1980) with ice covering

the plateau summits and feeding down into 20 outlet glaciers in the valley bottoms.

Principally, these reconstructions present scenarios with substantially different ice volumes
and maximum ice altitudes. The identification of plateau icefields as proposed by McDougall
(1998: 2001) has crucial implications for the reconstruction and palaeoclimatic interpretation
of equilibrium line altitudes (ELAs). By simply calculating an ELA based on a glacier confined to
a valley, as invoked by Manley (1959) and Sissons (1980a), a substantial underestimation of
the ELA is likely. As noted by Rea et al. (1999), the size of the contributing plateau area and
the altitudinal difference between the plateau and the valley/s will affect the size of the error
in an ELA calculation. Such ELA variations therefore require reinterpretations of the climatic
parameters controlling the ELA and consequently accurate landform interpretation is initially

required.
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1.1: Aims and objectives
1.1.1 Aims

Within the English Lake District previous reconstructions of the Loch Lomond Stadial glaciation
have therefore been patchy, non-systematic and poorly constrained by geochronology. As
described above, the work of McDougall (1998: 2001) provides a contrasting style of glaciation
in the district during the Loch Lomond Stadial to that proposed by earlier workers such as
Sissons (1980) and Manley (1959). Furthermore McDougall (1998: 2001) does not address the
style of glaciation that occurred within the south-west Lake District during this period. For

these two reasons, this project aims to do the following:

e undertake systematic geomorphological mapping of the under-investigated south-
west Lake District.

e consider the applicability of the different alpine vs plateau icefield models suggested
in the previous work of Manley (1959), Sissons (1980), Pennington (1978: 1996),
McDougall (1998: 2001) and Wilson and Clark (1998:1999).

1.1.2 Objectives
In order to achieve these aims the following objectives were developed:

e to map the glacier-related features in the south-west Lake District covering Upper
Eskdale, the fells north of Wrynose Pass, Little Langdale and Wastwater using NextMap
Britain, aerial photography and ground survey.

e to assess the effectiveness of NextMap Britain, aerial photography and ground survey
for local scale mapping of Loch Lomond Stadial glacial geomorphology.

e toreconstruct proposed Loch Lomond Stadial glaciers based on this geomorphology.

e to estimate the ELAs, potential snowblow areas and ice velocities of the reconstructed
glaciers.

e to assess the viability of the reconstructed glaciers using a numerical mass balance
model and qualitatively in terms of their geomorphological context with respect to the

proposed plateau icefield (McDougall; 1998).

1.2: Rationale

The reconstruction of former ice masses by the interpretation of ancient landform
assemblages has long been a source of powerful proxy records. By establishing quantitative
data for a variety of palaeoglaciological and palaeoclimatic variables it is possible to further
understand broader global issues relating to past atmosphere — ocean — cryosphere

interactions (Lukas, 2006). Current research aims to establish whether the dynamics of past
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ice masses, particularly those of the Quaternary, can be modelled in comparison to modern
glaciers on different spatial and temporal scales (Carr and Coleman, 2007). According to
Patterson (1994), inputs to the modelling of glaciers/ice sheets are those factors which
determine the extent and behaviour of glaciers, notably, climate and the physical properties of
ice. We must therefore fully understand these factors before we are able to model glaciers/ice

sheets effectively.

As noted by Benn and Lukas (2006), explicitly linking process to form at a variety of spatial
scales can provide important insights into processes which operated in ancient environments.
This concept underpins the widely used landsystems approach whereby a characteristic set of
criteria are developed for a particular landsystem and later identified elsewhere. Benn and
Lukas (2006) use the example of ‘hummocky moraine’ to illustrate the complexities associated
with this method. Since some characteristics of a landscape can originate from more than one
process (equifinality), it is often easy to find a modern analogue that ‘fits’ the ancient
landscape but is not necessarily the correct one or is simply a close counterpart (Benn and
Lukas, 2006). Despite the criticism that over-reliance on landscape morphology can induce
error this remains a valuable source of insight into ancient landscapes and certainly provides

the foundations for further investigation.

This method also allows links to be drawn between glacier dynamics and palaeoclimate.
Correlations between these two variables on a more global scale, enables predictions to be
made regarding the response of modern mountain glaciers to more recent climatic change.
Ongoing concerns over current ‘climate change’ suggest that it is arguably now more vital than
ever to understand fully the processes which are controlling the widespread retreat of
mountain glaciers and ice sheets that we are currently witnessing (Stokes et al., 2007: Haeberli
et al., 2007). Examples such as that provided by Bauder et al. (2007) for 19 glaciers in the
Swiss Alps suggest overall retreat since the end of the Little Ice Age around 1850 although
most notably, retreat rates have increased since 1980. Although fluctuations in ice extent
have occurred over geological time, particularly throughout the Quaternary, the current
retreat, popularly accounted for by the notion of human induced ‘global warming’, has impacts
on global sea level and therefore deserves attention. It is hoped that a further understanding
of glacier response to palaeoclimatic change on a variety of scales will provide the foundations

for more robust models pertaining to the future of contemporary mountain glaciers.
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1.3: The Loch Lomond Stadial (Younger Dryas)
1.3.1 The cause and global impact of the Younger Dryas

The gradual cooling into the Younger Dryas contrasts with the abrupt closure of the Stadial at
the start of the Holocene. The most likely cause of this abrupt transition at the start of the
Holocene relates to the reinitiation of North Atlantic Deep Water (NADW) formation following
a shut down during the Younger Dryas. Since heat transport into the three main areas of deep
water production (northern North Atlantic, the Ross Sea and the Weddell Sea) can account for
up to 10°C temperature increase compared to the latitudinal mean (Rahmstorf, 2002), it is
reasonable to account for the ~ 7°C warming seen at the close of the Younger Dryas with a

shut down of this circulation.

Figure 1.2: The path of the Thermohaline circulation system or global ocean conveyor. Note

the formation of cold salty NADW. Taken from Siegert (2001).

The impacts of the Younger Dryas were seen globally however the response of the Southern
Hemisphere was somewhat muted compared to that of the Northern hemisphere and
particularly of the North Atlantic. An example of the localised nature of this event is found in
pollen records from North America which according to Broecker and Denton (1990) show no
evidence of a cooling event with the exception of those in maritime locations. Similarly no
representation of the Younger Dryas is found in Antarctic dust records (Broecker and Denton,
1990). Ruddiman and Mclintyre (1981) record a shift from forests to tundra flora in Northern
Europe and the introduction of polar planktic foraminifera species to replace temperate
species in the northern North Atlantic. This global pattern of response to the Younger Dryas
cooling implies that the whole ocean — atmosphere system did not fully revert to its glacial

state, instead only changes to the Atlantic’s circulation occurred (Broecker and Denton, 1990).
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1.3.2 The impact on the British Isles
The British Isles provide evidence for a sensitive response to this climatic deterioration at the
end of the last glacial cycle (Broecker et al., 1988). The presence of landforms which are
distinct from those associated with the Late Devensian ice sheet provide evidence for a
contrasting renewed glaciation (see figure 1.3 below). During the Loch Lomond Stadial, ice
advanced over terrain containing abundant glacigenic sediment which had been freshly incised
and remobilised by paraglacial processes and thus provided favourable conditions for

substantial depositional landform production (Evans, 2006).

A Devensian
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Figure 1.3: The distribution of Loch Lomond Stadial ice masses in Great Britain and Ireland
along with the location of the most southerly margin of the Late Devensian ice sheet. Taken

from Gray and Coxon (1991).

The Loch Lomond Stadial saw the development of glaciers and ice caps in the mountainous
reg