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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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Figure 4.5b: A section of NextMap DSM covering part of the Hayeswater valley in
the High Street range of the eastern Lake District. The blue box indicates the same
area as the blue box in figure 3.5a where moraines are most visible. Image taken
from NextMap DSM. Illumination variables: azimuth = 350°, elevation = 55°. The
scale of the image has been increased to 1:4000 and more pixels are now visible.

54
Figure 4.6a and b: A comparison between mapping using different sun angles. Mapping in the
same area behind the Loch Lomond Stadial moraines in Mosedale
near Wastwater reveals linearity in perpendicular directions. Figure 3.6a: illumination
variables: azimuth = 300°, elevation = 45°. Image scale 1:7000. Figure 3.6b:
illumination variables: azimuth = 35°, elevation = 45°. Image scale 1:7000.

56
Figure 4.7a: An example of photographs that have been georeferenced in ArcGlIS for the
area around Langdale. The edges of each photograph are clearly visible despite cropping to
remove colour variations associated with the edges of the photographs. The match of the
photographs is also poor with some fields and road junctions, for example, visible in multiple
photographs.

58
Figure 4.7b: An example of photographs that have been georeferenced in ArcGIS. Aside
from the accuracy of the georeferencing between the photographs, the georeferencing with
the underlying reference image (a 1:25,000 OS map) is also poor. The location of Stickle Tarn
(the largest lake in the photograph) clearly demonstrates the discrepancy between the
photographs and the 1:25,000 map with the lake clearly lying further east in the photographs
than on the map.

59

Figure 4.8: Examples of photograph distortion in the process of orthorectification.
The above photographs were rectified in Erdas Imagine. Figure 3.8a shows the
rectified image with the black areas representing image displacement away from the
original outer limits of the photograph. This is the result of the image being
transformed from an image co-ordinate system to a ground co-ordinate system in
order to remove any relief displacement. For comparison, figure 3.8b shows the
original image that was orthorectified to produce figure 3.8a for comparison.
60
Figure 4.9: A schematic illustration of relief displacement. Higher elevations

produce photographs with a greater degree of displacement as reflectance occurs at

Xi



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.



VICTORIA BROWN CHAPTER 1: INTRODUCTION

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
stadial stratotypes
Dimlington Stadial

~ e “mQ“s
Loch Lomond Stadial

ice extent

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
regions of the British Isles (see figure 1.3 above). Outside of the glacier limits, the terrain
experienced severe periglacial conditions and supported tundra-like vegetation. The largest of
these ice caps was situated over the western Scottish Highlands, reaching Torridon in the north

and Loch Lomond in the south (175 km), Loch Shiel in the west and Loch Rannoch in the east
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(100 km) (Gray and Coxon, 1991). At its maximum extent the asymmetric icefield also
contained ~ 60 nunataks, most of which were found in the Western Mountain Zone (Thorp,
1986). The surface of the ice cap in the western Grampians reached an altitude of ~ 700 m OD
while the snouts of the outlet glaciers descended to below present day sea level along the
western coast. Over 200 other ice masses have been identified in the Scottish Highlands by
various authors. Ice caps also existed on the Isles of Mull and Skye, in the Cairngorms and
central Highlands, and the north-west Highlands. Significant clusters of valley glaciers have
also been reconstructed on the Isle of Arran, on Harris and south-west Lewis in the Outer
Hebrides and in the Southern Uplands. Further south, glaciers developed in more marginal
regions including the Pennines, Lake District, Cheviots, Snowdonia and the Brecon Beacons. In
contrast to the ice cap in the western Grampians, the largest glacier in Snowdonia was in Cwm
Llydaw and was just 4 km long (Gray, 1982). Furthermore, the total area of the 35 glaciers

reconstructed by Gray (1982) in Snowdonia was just 17.5 km?.
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2.0: STUDY AREA

2.1 The English Lake District

Located in north—west England, the Lake District covers an area of ~ 3000 km”. The
Lake District is the largest national park in England contains the highest peak in
England, Scafell Pike (978 m OD), along with 12 of England’s largest lakes. The Lake
District is characterised by mountainous topography which predominantly supports
agriculture, quarrying and forestry. Current precipitation is ~ 2061 mm per annum.
The mean July temperature stands at ~ 14.9°C and mean January temperature 3.1°C.
To the north of the Lake District are the Solway Lowlands and to the east the Vale of
Eden which is believed to have been occupied by an ice stream at some stage during

the Late Devensian glaciation (see figure 2.1 below).
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Figure 2.1: The location of the Lake District within the British Isles and its regional

topography.

2.2 Regional glaciation history
The Dimlington Stadial ice sheet of the Late Devensian was the last ice sheet to cover
Great Britain. Despite many years of research, in many areas only very general ice flow

directions have been established. In northern England it is believed that three ice
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domes formed over the north-west Yorkshire Dales, the Alston Block and the Lake
District (Mitchell and Clark, 1994). These ice domes were crucial in maintaining the ice
sheet throughout its cycle but made relatively minor contributions to an ice sheet that
was ultimately dominated by a major ice dome centred over the Scottish Highlands. In
the Lake District, ice flowed radially out from the mountain core causing Scottish ice
coming from the north to be deflected eastwards across northern England and south-
westwards across the Solway lowlands and into the Irish Sea basin (see figure 2.2
below). Striae orientations, the dispersal of Borrowdale Volcanic erratics, the absence
of foreign erratics and landform flow signatures are testament to the complex
interaction between Scottish ice and the local Lake District and Pennine ice (Mitchell,

1991).

Mitchell (1994) has since argued for the presence of a regional scale ice divide during
the Dimlington Stadial across north-west England from the Derwent Fells in the central
Lake District north-westwards over 50 km to Dentdale. It is suggested that this linear,
topographically independent, ice divide migrated northwards through glacial/deglacial
phases. This model can be used to explain the contrary flow events indicated by
superimposed drumlins in the Vale of Eden and Western Pennines and also the

dispersal patterns of Shap granite erratics.
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Deglaciation following the peak of the Dimlington Stadial at ~ 22 ka BP (Boulton et al.,
1977) resulted in the deposition of widespread glaciofluvial sands and gravels as
kames, eskers, proglacial sandur, deltaic sands and gravels, and glaciolacustrine
deposits (Busby and Merritt, 1999). These landforms all provide evidence of climatic
oscillations during deglaciation comparable to those shown in the GRIP and GISP2 ice
cores, which induced a series of glacial readvances. Questions remain however
surrounding the impact of these climatic down turns on an already decaying the ice

sheet margin in Britain.  According to Merritt and Auton (2000), who provide a
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lithostratigraphic history of west Cumbria, two post-Dimlington Stadial readvances can

be identified Cumbria.

In response to Heinrich Event 1 in the North Atlantic, the Gosforth Oscillation is
believed to have occurred in the British Isles between ~ 17.6 and 16.8 cal. ka BP
(Thomas, 1985: Pennington, 1978: Merritt and Auton, 2000: Delaney, 2003). During
this period, Merritt and Auton (2000) propose that two extensive coeval valley glaciers
occupied Wasdale and Eskdale. Pennington (1978) however provides 4C dates which
indicate that the Windermere basin and consequently, the catchment of the Brathay-
Rothsay rivers, remained ice free during the period ~ 17.4-16.8 cal. ka BP. Pennington
(1978) is therefore unable to find any biostratigraphic evidence to support the idea
that these moraines were produced during ice sheet decay pre-Windermere
Interstadial. The Scottish Readvance is the second of the two glacial phases mentioned
above and involved the encroachment of Scottish ice streaming to the south and
south-east around Cumbria ~ 14 ka BP (Busby and Merritt, 1999). Consequently, based
on the scale and well defined nature of the moraines, McDougall (1998) suggests that
the Scottish Readvance is the only event other than the LLS that had the potential to

create moraines such as these.

Following these two readvances, the final phase of glaciation in the Lake District
occurred during the Loch Lomond Stadial (Younger Dryas). As previously described,
the extent and style of glaciation in the region during this period is debated with
recent work suggesting a contrasting plateau icefield arrangement to replace the

alpine glaciation first suggested in the central fells.

2.3 Geological history

Considerable geological diversity is found within the Lake District. In the north the
Skiddaw Group have been moulded into conically shaped hills (see figure 2.3 below).
These contrast with the more rugged appearance of the Borrowdale Volcanic Group
which stretches from Ullswater in the east to Wasdale in the west. The more subdued
hills of the southern district form the Windermere Supergroup, a series of Silurian
sedimentary rocks (Shipp, 1982). Together these rocks form a small dome of WSW —

ENE trending Lower Palaeozoic rocks protruding as an inlier into the surrounding
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Carboniferous and Permo—Triassic formations. The region has undergone three main
episodes of mountain building: the Caledonian, Variscan and Alpine orogenies, along
with extended periods of faulting. These massive structural movements have caused
rocks which were once horizontally above or below each other or formed millions of
years apart to now be side—by—side (Prosser, 1977). It is the period extending from the
Early Ordovician to the end of the Silurian during which time a Late—Proterozoic—
Lower—Palaeozoic ocean (the lapetus Ocean) was destroyed that was most eventful in
Lakeland geological history. The closure of the lapetus Ocean culminated in the
continental collision of the Caledonian Orogeny, the most significant of the three

orogenic events.
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Figure 2.3: The regional geology of the Lake District. A: overview of the regional
geology. B: the sub-surface geology along a transect across the south-west Lake

District as indicated on 2.2A. Adapted from LDNPA (2003).
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2.3.1 The Skiddaw Group
The Skiddaw Group contains the oldest rocks in the Lake District which, at ~ 3000 m
thick, form almost one third of the mountain core. The group is largely composed of
greywackes, siltstones, mudstones and sandstones deposited by turbidity currents on
the continental slope of the lapetus Ocean. Fossils are rare within the group but the
most common is the grapolite (Prosser, 1977). The structure of these rocks is now very
complex. They have undergone multiple phases of folding along with thermal
metamorphism and mineralization. Moore (1992) has interpreted this intense folding
as evidence for fore—arc sedimentation. These fine grained clastic sedimentary rocks
display major north—east trending faults which split the Skiddaw Group into distinct
zones. These highly cleaved, now laminar shales outcrop in a wide belt in the northern
and western fells with their most southerly exposure found at Black Combe in the

south—west Lake District (Smith, 1992).

2.3.2 Ordovician Volcanic Rocks
As the closure of the lapetus Ocean continued and the American and European
tectonic plates moved closer, subduction began. This initiated Island Arc volcanic

activity around 470 Ma BP (Prosser, 1977).

The Ordovician volcanic group emerged from two phases of volcanic activity. The first
of these formed the Eycott Volcanic Group; a series of basaltic and basaltic-andesitic
lavas which appear to have formed synchronously with the upper parts of the Skiddaw
Group (Shipp, 1982). It is the Borrowdale Volcanic Group however, which succeeds the
Eycott Group that is most relevant here. The Borrowdale Volcanic Group (BVG) makes
up the central belt of the Lake District and stretches from Dingle in south—west Ireland
to the north Pennines of England to form a chain of Caledonian magmatism. They
were erupted during a 10 Ma period in the Mid-Ordovician and are some 6000 m
thick. The first phase of formation was dominated by lava flows with only occasional
explosive volcanic eruptions. These andesitic lava flows produced localised low relief
accumulations. In contrast, the onset of the second phase of volcanic activity
witnessed an abrupt shift to continuous explosive activity (Moseley, 1978). These
eruptions released silica—rich andesitic, dacitic and rhyolitic magmas high into the

atmosphere. Such magmas then returned to the ground as air—fall tuff with some
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becoming involved in the formation of ignimbrites which now appear to dominate the

upper Borrowdale succession (Smith, 1992).

Since the Ordovician, the BVG has undergone severe changes. Most notably, the lavas,
ashes and breccias have undergone volcanic collapse, vertical and horizontal fault
movement, and differential erosion (both glacial and otherwise) producing the varied
topography of the region. Much contrast is found between the ‘alpine—like’ terrain of
the Scafell massif and the more ‘plateau—like’ relief of High Raise further to the east
(Prosser, 1977). All field sites considered in this work are underlain by andesitic and

rhyolitic lavas of the BVG.

2.3.3 Windermere Supergroup
The southern section of the Lake District is underlain by sedimentary rocks of Late—
Ordovician to Late Silurian age. These rocks overlay the volcanic rocks from the
Duddon Estuary to the Howgill Fells (Smith, 1992). The younger Windermere
Supergroup consists of a thin deposit of lime—rich fossiliferous mudstones, shales,
gritstones and flagstones which have been tilted and folded by crustal movements
(Shipp, 1982: Prosser, 1977). These rocks, which are the result of continuous
deposition in a marine environment, account for the more subdued topography of the

southern district.

2.4: Selection of specific study locations

Based on the work that has previously been carried out in the Lake District, six sites
have been chosen for study in this project (see figure 2.4 below). Firstly, the chosen
sites are all located within the south-west Lake District as a result of the work of
McDougall (1998: 2001) which reconstructs a plateau icefield in the central fells but
does not consider the ice extent or the possibility of a plateau icefield in the south-
west Lake District. For the purposes of this research the south-west Lake District is
defined as the quadrant of the district covering from Ennerdale in the north round to
Wrynose Pass in the east. Of particular interest are those sites in the south-west Lake
District which had the potential to support outlet glaciers of the plateau icefield
proposed by McDougall (1998: 2001). Such sites included Upper Eskdale, Red

Tarn/Wrynose Bottom and Lingmell Beck. For reference, figure 2.5 shows the location
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of the chosen field sites along with the location of any specific areas of interested

noted in subsequent chapters of the thesis.

Two of the chosen sites have also been chosen as a result of the work of Wilson (2002:
2004). In Upper Eskdale, Wilson (2002) provides a comprehensive description of
moraines at the southern end of the valley but does not reconstruct the Loch Lomond
Stadial glacier in the valley. At Widdygill Foot Wilson (2004) has identified and
described moraines which he believes to be of Loch Lomond Stadial origin at a site that
was not previously considered to have supported a glacier during the Stadial by Sissons

(1980), Pennington (1978) or McDougall (1998: 2001).

The other chosen sites, Mosedale and Lingmell Gill, were both suggested by Sissons
(1980) to have supported a Loch Lomond Stadial glacier. In light of the work of
McDougall (1998: 2001) and Carr and Coleman (2007) however, it was decided that a
reassessment of the potential of these sites to support a glacier during the Stadial was

necessary. Details of the chosen sites can be found below:

1. Mosedale: an east-south-east facing valley at the northern end of
Wastwater. The site is surrounded by the peaks of Red Pike (826 m OD)
to the south, and Pillar (892 m OD) to the north, and is the furthest west
of the chosen sites. On the opposite side of the Mosedale valley to Red
Pike is Kirk Fell (787 m OD) which McDougall (1998: 2001) suggests
supported a plateau icefield during the Loch Lomond Stadial.

2. Lingmell Beck: a north-north-east facing valley on the northern side of
the Scafell range. The valley is also located at the northern end of
Wastwater. The complex long profile of this valley is dominated by the
deep bedrock gully of Piers Gill. According to McDougall (1998: 2001)
the glacier occupying this site during the Stadial was connected to the
plateau icefields centred on the central fells of the Lake District.

3. Lingmell Gill: a small west-north-west facing valley directly to the south
of Lingmell Beck on the western side of the Scafell range. Directly to the

south of Lingmell Gill is Sca Fell (964 m OD).
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4. Upper Eskdale: a large glacial valley facing directly south. The upper
half of the valley can be split into two smaller valleys. The western
upper valley contains the River Esk and runs along the eastern side of
the Scafell range. The eastern valley contains Lingcove Beck which
sources below Bow Fell (902 m OD) and Esk Pike (885 m OD) to the
north. The lower half of Upper Eskdale contains just a single valley with
heavily scree covered slopes and a series of large moraines at the
southern end of the valley.

5. Red Tarn/Wrynose Bottom: a south-east facing valley on the western
side of Wrynose Pass. Sissons (1980) suggests that the glacier
occupying this valley was connected to a glacier in Oxendale to the
north across an ice divide. The upper part of the valley contains Red
Tarn and then descends to join the large glacial trough of Wrynose
Bottom.

6. Widdygill Foot: an east facing valley on the eastern side of Wrynose
Pass at the source of the River Brathay. Widdygill Foot lies furthest to
the east of the all the chosen sites and lies to the south-east of Pike of

Blisco (705 m OD).

In order for the plateau icefield hypothesis to be tested, a further two locations were
also considered in this project and are discussed in the context of the literature in
chapter 7:
7. Mickleden: a south-east facing valley at the western end of the large
glacial trough of Langdale.
8. Oxendale: an east-north-east facing valley to the north of Red Tarn.

Oxendale also lies at the western end of the Langdale trough.

Sissons (1980) proposed valley glaciers in both Mickleden and Oxendale however
McDougall (1998: 2001) later suggests that the ice in these valleys during the Loch
Lomond Stadial was part of a plateau icefield centred over High Raise further north. It
is the authors intention that this study will address the knowledge gap currently

present with respect to the south-west Lake District.
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Chapter 3

METHODS PART 1:
GLACIOLOGICAL
RECONSTRUCTION
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3: METHODS

3.0 Introduction

Mountain glaciers are relatively small, discrete features within a glaciated landscape which
may eminate from a much larger ice mass feeding down from a higher altitude, or may be
isolated within in their own mountainous niche environment; often with their accumulation
areas occupying cirques. Mountain glaciers are therefore highly sensitive indicators of climatic
change so by coupling the known characteristics and dynamics of mountain glaciers to
traditional theories of glacial geomorphology it is possible to link glaciological processes to the
form of even the most subtle geomorphology seen now as the remnants of palaeo-glaciers

(Stokes, 2000).

Ideally, numerical absolute dating of sites would be widespread and would unquestionably
identify sites occupied by ice during the LLS and those which were not. In the absence of
widespread dating, it has been argued that distinct glacial events or stages have left behind a
characteristic set of landforms on a local to regional scale (Lukas, 2006). As a result,
geomorphological mapping and the associated glaciological reconstructions have been
common place throughout the 20" century for sites around the British Isles. With the advent
of more complex glaciological models it is now possible to test the viability of glaciers
reconstructed on the basis of geomorphology along in terms of their relative surface and basal
velocities. Furthermore, the increased availability of digital elevation models has encouraged a
much more quantitative approach to geomorphological mapping and glaciological
reconstructions. Such tools enable variables such as the ELA and snowblow factor to be

calculated much more accurately.

3.1 Geomorphological mapping

As noted by Demek and Embleton (1978), geomorphological mapping is the main research
method of geomorphology in numerous countries. This type of mapping relies on some form
of landform classification e.g. the grouping or ordering of landforms by age, dimensions or
origin, and is therefore built upon the assumption that all landforms have a characteristic
shape (morphology) that can be used as a means of identification (Hubbard and Glasser, 2005).
Such mapping can be carried out in the field however, more recently, the use of
photogrammetric techniques and the availability of range of remotely sensed satalite and

airborne imagery has revolutionised approaches to geomorphological mapping.
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3.1.1 Landform identification and classification
Applied globally, morphostratigraphy utilises the spatial relationship between individual
landforms to assign them to particular glacial episodes or stages (Colhoun, 1988; Lehmkuhl,
1998; Lemmen and England, 1992; Lukas, 2006). In order to apply the principles of
morphostratigraphy successfully to glaciological reconstructions a series of criteria are
required for the identification of specific glacial episodes such as the LLS in the British Isles.

The morphostratigraphic criteria used in this project are shown in table 3.1.

As outlined in table 3.1 a number of different lines of evidence have been used in the
glaciological reconstructions presented in this thesis in order to prevent erroneous
reconstruction. The evidence used includes moraines, slope movement features, river
terraces, periglacial trimlines and the vertical limits on sediment covered slopes. The presence
of glaciofluvial landforms was also considered during the mapping process, however, such
landforms were not present in the area mapped. In addition, river terraces were sparse in the
area mapped and often did not follow the expected arrangement of one terrace inside the
proposed LLS limit and multiple terraces outside of the limit. Instead, just one terrace was
found both inside and outside of the proposed limit. This trend was traced down valley several
kilometres. As a result it can only be assumed that river terraces are not apparent in the
south-west Lake District possibility as a result of the being covered by the active, heavily scree

covered slopes present throughout the region.

Throughout the project, moraines were identified by initial inspection of their basal breaks of
slope and crest lines. On the NextMap relief shaded DEM, lateral and end moraine crestlines
were visible as sharp continuous boundaries between light and dark shaded areas. With
reference to lateral moraines, these were identified as generally linear forms trending along a
valley side and increasing in elevation further up valley. End moraines were expected to have
a similar form but with a more curved crest line curving up valley to form an arcuate ridge
around the down-slope limit of the reconstructed glacier. In some cases these moraines also
displayed steep proximal and shallow distal slopes. In contrast, hummocky moraine was
identified as a series of ridges and mounds displaying a lesser degree of linearity and arranged

in a more ‘chaotic’ manner (Benn, 1992).

As it was not possible to map trimlines from aerial photography, it was intended that the
identification of such features would be done in the field however it soon became apparent
that trimlines are not present throughout much of the south-west Lake District. Similarly, the

presence of still active scree slopes/slope movements in the Lake District, make depositional
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evidence of ice margin locations (including the uppermost limit) sparse. In the absence of
trimlines and depositional evidence, the upper limit of the glacier was drawn based on the
assumption that glaciers fill their accumulation areas (cirques/valley heads) to an elevation ~

30 m below the top of the headwall (Wilson and Clark, 1998).
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3.1.2 Use of aerial photography and NextMap (IfSAR) data
Reconstructions of Loch Lomond Stadial glaciers at their maximum extent and at various stages
throughout deglaciation were initially carried out using aerial photography. Black and white
aerial photographs at a variety of scales between 1:7,000 and 1:25,000 were used to identify
moraine ridges and hummocks, flutes, kame and kettle topography, debris flows and fans,
river terraces and post-glacial slope movement. All 1:25,000 photography was sourced from
the Lake District National Park Authority and was flown by Ordnance Survey in 1972. These
photos were complemented with more recent colour Google Earth imagery constructed from

2004 Infoterra aerial photography.

It was believed important to also consider landforms of post-glacial origin in order to confirm
the terminal landforms as being of glacial origin. Evidence for the upslope glacier limit was
also considered by looking for trimlines which marked the transition from ice-moulded to
frost—weathered bedrock. In accordance with McDougall (1998: 2001), lateral moraines were
deemed particularly important, not only in identifying lateral ice margins but also in the
identification of palaeo-plateau icefields. In some areas, lateral moraines have been found to
continue upslope to plateau areas, one example being High Raise in the central Lake District.
This evidence suggests that such areas were sources of ice during the Loch Lomond Stadial and

thus confirms that plateau icefields were present.

Areas of ‘hummocky’ moraine also required careful attention. The application of aerial
photography was particularly valuable in this case as it facilitated the identification of any
linearity between and within the landforms, which is often not clear from the ground. The
contested genesis of ‘hummocky’ moraine makes this an important consideration. Both ice-
marginal and subglacial origins of ‘hummocky’ moraine are proposed in the literature, and are
believed to reflect differing styles of deglaciation (i.e. stagnation or active retreat). Crucially

this has implications for the way in which glaciers responded to palaeo-climatic changes.

3.1.3 Field Mapping
Once areas had been mapped using aerial photography they were checked in the field.
Landforms were recorded on 1:5,000 maps before being compared with those produced from
airborne imagery. Although fieldwork was time consuming, time in the field was minimised by
firstly using aerial photography to map the areas and then checking these maps in the field
rather than vice versa. This approach allowed for a more comprehensive coverage of the field
areas than would have been possible from aerial photography alone. This was particularly the

case in areas where shadows on the photography caused some areas of landforms to be
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‘blacked out’ or where the quality of the photographs had been reduced as a result of

scanning. Fieldwork also allowed photographs of each site to be taken.

When in the field, it was necessary to check the landforms mapped from the DEM and the
aerial photography with what was actually present on the ground. Firstly, the geomorphology
mapped using the DEM and aerial photographs was compared to the Ordnance Survey 1:5,000
contours and each contour accounted for in terms of the landscape morphology as it was seen
in the field. This was particularly important in areas where the data provided by the DEM and
aerial photography was poor e.g. in areas of shadow on the photography or areas of steep
ground where data was missing from the DEM. In such areas, the remotely sensed data failed

so field mapping was the only way to record the geomorphology.

It was also necessary to check that each landform mapped remotely had been classified
correctly i.e. a moraine mapped remotely still showed the characteristics used to distinguish a
moraine in the field. Of particular note were the problems associated with some ‘lateral
moraines’ which ran horizontally along the sides of Kirk Fell. Although these appeared on the
aerial photography and DEM as clear lateral moraines, when in the field it became apparent
that they were infact not glacial at all but were the result of much more recent slope

instabilities/slumping.

Some small but significant changes in the landscape since the aerial photography was taken
were also noted. Such changes, which included river bank slumps etc, were often indetectable
on the DEM as they were beyond its resolution so field mapping was the only way to ensure
that the geomorphological maps produce were true representations of the present day

geomorphology.

3.1.4 Mapping using Erdas Imagine
The majority of the geomorphological mapping for this project was done in Erdas Imagine: a
raster graphics editor and remote sensing application, running in Windows. NextMap IfSAR
data of the chosen field sites was first mosaiced using the ‘data prep’ application in Erdas
Imagine; a process that was found to be much more efficiently done in Erdas Imagine than in

ArcGIS.

Having mosaiced the photographs, a series of vector layers in which to map were then created
and labelled appropriately. In total, 12 vector layers were created to map the following

landforms: moraines, debris flows and fans, rivers, river terraces, flutes, postglacial slope

-28-



movement, ice sheet lateral moraines, protalus rampart deposits, kettle holes and cirque
headwalls. Vector layers were overlain onto the NextMap Digital Surface Model (DSM) and
geomorphological information gained from both aerial photography and ground survey was
transferred onto the DSM. This allowed for the creation of an accurately georeferenced map
and the compilation of geomorphological information from 3 independent sources (NextMap,

aerial photography and ground survey).

It was decided that mapping the crest lines of landforms would produce the most informative
mapping, particularly in areas where deciphering inter- and intra-landform linearity was
crucial. It was also important to ensure that the mapping was clear in order to accurately
establish definitive glacier limits. As noted by Carr and Coleman (2007), the foundations of
accurate glacier reconstructions are found within the initial interpretations of geomorphology.
An approach which restricted interpretive error was therefore necessary and drawing of crest

lines was seen as one way of achieving this.

3.2 Glacier reconstruction

The reconstruction of LLS glaciers can encompass a range of qualitative and quantitative
techniques. These include; geomorphological mapping, the identification of the ice extent and
surface morphology using hand-drawn ice surface contours, the calculation of ELAs, theoretical
2-dimensional modelling of glacier mass balance based on manual reconstructions, or, more
complex 3-dimensional modelling which graphically reconstructs ice masses based on the
input of a series of numerical variables. Here, the mass balance modelling carried out takes a
geomorphological approach. As stated by Benn and Evans (1998), one of the most
fundamental characteristics of glaciers and ice sheets is their ability to flow and move. These
features of glaciers result in the production of landforms upon which many palaeo-
glaciological reconstructions are based. A fundamental aim of modelling glacier mass balance
and velocity is to quantitatively establish the link between glaciers and climate. In doing so, it
is also possible to formulate a series of process-form relationships which link internal
glaciological process to the genesis of the landforms which are seen in the landscape today as
remenants of palaeo-glaciers. In turn such relationships can feed back into glaciological
models by taking the geomorphological approach used here to test the viability of glaciers in

the absence of more reliable absolute dating.

3.2.1 Reconstruction of ice extent and surface morphology
The extent of the LLS ice masses in the south-west Lake District were drawn based on the

geomorphology. Based on the morphostratigraphic criteria outlined in table 3.1, the ice limit
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was placed along the crestline of the moraines deemed most likely to represent the maximum
extent of LLS ice. Moraines were used in this way to identify the downslope and lateral extent
of the ice while the upslope ice extent was placed 30 m below the top of the cirque/valley

headwall.

The surface morphology of the ice mass was then established by drawing a series of ice surface
contours. Ice surface contours were drawn at 50 m intervals perpendicular to the orientation
of ice flow indicated by the geomorphology. In the accumulation area convergent flow away
from the ice margins and towards the ELA is indicated by contours which curve up glacier. In
contrast the contours in the ablation area were drawn to suggest divergent ice flow towards
the ice margin. In addition, the ice surface contours subtly take into account the morphology
of the glacier’s bed, most notably, in some cases, the ice surface contours become much more

linear and closely spaced where the bed becomes much steeper close to the ELA.

3.2.2 The calculation of the Equilibrium Line Altitude (ELA)
The calculation of a glacier's ELA has long been used as a basis for palaeoclimatic inferences
and is the theoretical altitude on a glacier at which accumulation and ablation are exactly
balanced over the period of one year (Mitchell, 1996: Benn and Lehmkuhl, 2000). The close
relationship between climate and the ELA means that the ELA can often provide an important
indication of a glacier’s response to climate change. Furthermore if a temperature proxy, for
example based on palynological records is used, simple calculations of the temperature at the
ELA and the annual precipitation required at the ELA to maintain a steady state glacier are
possible. ELA reconstructions therefore provide the foundations for further quantification of
numerous palaeoclimatic and palaeoglaciological variables. It is therefore vitally important
that ELA calculations are provided by a sound methodology which incorporates a variety of
glaciological variables such as glacier type, catchment topography, hypsometry and
environmental conditions. Numerous methods of ELA calculation have been employed and

will be reviewed here.

Arguably the least accurate method of ELA estimation are those values based upon lateral
moraine elevations or cirque floor elevations. The use of lateral moraines as ELA indicators
assumes that lateral moraines are only able to form below the ELA in the ablation area of a
glacier. Lateral moraines are able to develop where ice flows outwards towards the margins of
a glacier. In the accumulation zone ice flows inwards while in the ablation zone ice flows
radially outwards towards the ice margins. Since the ELA is the altitude at which net balance is

equal to zero the ELA theoretically marks the divide between the accumulation and ablation
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zone. Thus, below the ELA lateral moraines are expected and the upper limit of these
moraines lies at approximately the same altitude as the ELA. Problems however arise with this
method when lateral moraines are not present or when lateral moraines have formed as a
result of small glacier readvances during periods of overall glacier recession. It is often the
case that lateral moraines are not present in high-relief or high-altitude catchments (Benn and

Lehmkuhl, 2000).

Similar problems occur with the use of cirque floor altitude as a means of ELA estimation. In
many cases cirques are not present in the vicinity of the glacier and consequently this method
cannot be employed. Unlikely glacial deposits which can be confidently dated using a chosen
absolute dating technique it is arguably more complex to assign a cirque to a particular glacial
phase. It is assumed that cirque development is an indirect long term response to regional
climate, through the formation of glaciers on favourably located slopes. Cirque formation in
the Lake District occurred prior to the Loch Lomond Stadial and consequently glaciers during
the stadial exploited the already present cirques which provided a localised environment
ideally suited to glacier nourishment. A potential correlation between glacier location, cirque
location and aspect is therefore recognised. ELA estimations based on cirque floor elevations
can therefore also not be reliably assigned to a particular glacial phase and in many cases their
formation pre-dates the particular time period being investigated (Benn et al., 2005). Crucially,
both of the methods above do not take into account many of the key variables which
ultimately dictate the ELA. Consequently these methods have not been used to determine the

final mean value of the ELA for any of the glaciers considered in this research.

The terminus-to-head altitude ratio method (THAR) assumes that the THAR is equal to the
ratio of the altitude difference between the terminus and the ELA divided by the total

altitudinal ratio of the glacier. An ELA is therefore estimated as follows:

ELA = A, + THAR(An — A,)

(equation 1)

where A, is the altitude of the terminus and A, the altitude of the head (the maximum
altitude). This method relies on the correct value for THAR being used and this often varies
between glaciers both within and across regions. Furthermore this method does not take into
account glacier hypsometry or mass balance and thus Benn and Lehmkuhl (2000) describe this
method as a ‘very crude’ estimation of an ELA. In the absence of trimlines difficulties can also

arise in accurately defining the maximum altitude of a glacier: a problem that was frequently
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encountered in the Lake District. For the purposes of this research it was therefore assumed
that the maximum altitude of the glacier was located approximately 30 m below the altitude of
the headwall as suggested by Wilson and Clark (1998). This method also works most
successfully on glaciers with ‘simple’ linear long axis’. Where glaciers display much more

complex hypsometry the method should be applied with extreme caution.

To improve on the crude ELA estimation provided by the THAR method, the Accumulation-area
ratio (AAR) method was implemented. Unlike the methods described above the AAR method
takes into account the area occupied by the accumulation and ablation areas by assuming that
the accumulation area occupies some fixed proportion of the glacier’s surface area. On
modern mid- to high-latitude glaciers, such as those in the maritime climate of north-western
North America, Porter (1975) suggests that AAR values fall between 0.5 and 0.8 (i.e. 50-80 % of
the glacier’s surface area). Observations from glaciers in central Asia by Grosval’d and
Kotlyakov (1969) also generally fall between 0.5 and 0.8. A mean value of 0.6 + 0.05 is
therefore suggested by Porter (1975) as suitable mean value for an AAR. Meierding (1982)
however has calculated ELAs using AAR values ranging from 0.5 to 0.75 and concludes that an
AAR of 0.65, which provided the lowest RMSE value in his investigation, is the most suitable
AAR for the mid-latitude glaciers of northern Front Range in Colerado. Furthermore, Murray
and Locke (1989) agree with these findings, and consequently, AAR values of 0.6, 0.65 and 0.7
were applied to the reconstructed Lake District glaciers, which are also in a mid-latitude

locality ~ 57° N.

It follows that steeper ablation gradients result in higher steady state AARs. As a result, AARs
can be highly variable in mountainous regions where the altitudinal ranges of glaciers are
greater. This method can be problematic however as it does not take into account glacier
mass balance or hypsometry. Changes in climatic regime, debris cover, topographic shading,
avalanching, snowblow and glacier hypsometry can also cause the AAR of glaciers to vary.
Benn and Gemmell (1997) express concern over the assumption that AARs are regionally
uniform and suggest that this is only reasonable in so much as AARs are influenced by regional
climate. It is therefore recommended that ELAs are calculated using a variety of AARs and
then these results compared to direct observations in order to determine the most

appropriate AAR for that glacier or region.

The area-weighted mean altitude (AWMA) method has been used by Sissons (1976: 1980) and

Sissons and Sutherland (1976) and assumes that accumulation and ablation are linearly related
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to altitude over the whole altitudinal range of the glacier. The AWMA method for ELA

calculation is represented as follows:

-
>
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ELA= ——

I\
<}

M-
>

(equation 2)

where A; is the surface area of the glacier between each contour interval i (m?), h; is the

altitude of the mid-point of the contour interval i, and n+1 is the number of contour intervals.

Criticism of this method is primarily focused around its assumption that both the accumulation
and ablation gradients are linear and equal. Hypothetical values for non-linear gradients were
input into calculations of AWMA and although this produced a change in the ELA, Sissons and
Sutherland (1976) suggest that this change is minimal and that the main control on the ELA is

glacier hypsometry which this method accounts for.

In order to improve on the AWMA method outlined above, Furbish and Andrews (1984)
produced a more rigorous method which takes into account both glacier mass-balance and
glacier hypsometry. This method is known as the ‘Balance Ratio’ method. The method
assumes that the accumulation and ablation gradients are both linear, however they are
numerically different as a result of the different climatic variables controlling the accumulation
and ablation areas. Typically, the ablation gradient (b,,) is steeper than the accumulation
gradient (b,.) and the ratio between the two gradients provides the balance ratio (BR) as
follows: BR = b.p/bn.. As with the previous methods described, this method assumes the

following:

db'Ab = chc

(equation 3)
where d, is the average net annual ablation in the ablation area, d. is the average net annual

accumulation in the accumulation area, A, is the area of the ablation area and A, is the area of

the ablation area.
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For equilibrium conditions, the ELA of a glacier is determined on a trial and error basis using

equation 4 below.

b, /b, =2,.A12,.A

(equation 4)

where z, is the area-weighted mean altitude of the accumulation area, z, is the area-weighted
mean altitude of the ablation area, b, is the mass-balance gradient in the ablation area and

b, is the mass-balance gradient in the accumulation area.

A suitable balance ratio which is climatically representative of the study area is then defined
and the ELA is determined on a trial and error basis using a hypsometric curve for the glacier.
The curve can be used to determine values for z, z,, Ac and A, by choosing trial values for the
ELA. The values for z., z,, A. and Ay are then input into equation 4 and this process is
repeated until the desired value for b.,/b, is achieved (Benn and Gemmell, 1997). A
spreadsheet produced by Benn and Gemmell (1997) provides a faster way of applying the
method outlined by Furbish and Andrews (1984).

As previously stated, this method assumes different but linear mass-balance gradients for the
accumulation and ablation zones and as a result is based on a summary of the mass-balance
curve for the glacier as a whole. It also provides an improvement on previous methods which
either assume a constant mass-balance gradient throughout the whole glacier or do not
consider mass-balance at all. As shown in table 4.1 ELAs were calculated using this method for
balance ratios (BR) of 2.0, 1.81, 1.6, 1.54 and 1.43. These values (x) indicate that the vertical
change in mass balance is x times larger in the ablation area than in the accumulation area as a
result of factors such as altitude or ice albedo. Typically, glaciers with high balance ratios have
small ablation areas compared to the area of the glacier since only a small ablation area is
required to balance the input of snow in the accumulation area. This is common on tropical
glaciers. Conversely, glaciers with lower balance ratios have larger ablation areas as a
proportion of the total glacier area, a situation which is more typical of polar glaciers (Benn

and Evans, 1998).

3.2.3 The influence of snowblow on glacier development/maintenance
Local factors which relate to the specific topography and microclimate of an individual glacier
can often dictate whether or not a glacier will develop. One such factor is the potential for

snowblow from the ground surrounding a glacier. This has been shown by several authors to
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be significant in determining glacier distribution and also the ELA (Manley, 1959: Sissons,
1980a: Sissons and Sutherland, 1976: Leonard, 1989: Mitchell, 1996: Sutherland, 1984: Benn
and Ballantyne, 2005).

The production of a transparent definition of areas which have the potential to contribute
mass to a glacier through snowblow is firstly required. Manley (1959) touched on the idea of
‘snowblow areas’ however the first definition was provided by Sissons and Sutherland (1976)
who considered all ground lying above the ELA and sloping towards the glacier surface as
having the potential to contribute mass to a glacier via snowblow. This definition was further
modified by Robertson (1988) to include uphill snow movement and later by Mitchell (1996) to
include nearby plateau surfaces. Mitchell (1996) defined snowblow areas as ‘ground lying
above the altitude of the equilibrium line and laterally continuous to the former glacier’

(Mitchell, 1996, p. 242).

Some further clarification of the definition provided by Mitchell (1996) is required in order to
minimise the variability associated with human opinion when quantifying snowblow areas.
Benn and Ballantyne (2005) provide a more quantitative definition of snowblow area as
follows: ‘terrain located within a southwestern quadrant (180-270°) upslope and windward of
ice surfaces, including plateaux, all glacier facing slopes and all other plateau-edge slopes with

gradients less than 5° irrespective of orientation’ (Benn and Ballantyne, 2005, p. 588).

By the authors own admission the definition provided by Benn and Ballantyne (2005) is
conservative as it assumes that only terrain within the southwest quadrant may be significant
and includes a limiting gradient of 5°. The current author suggests that it is more realistic to

include surfaces with gradients of less than 10° irrespective of orientation.

For clarity it is suggested that areas with the potential to contribute mass to a glacier via the

input of snow should fulfil each of the following criteria:

1. surfaces sloping towards the glacier, forming part of a plateau surface or sloping away
from the glacier with a slope of <10°.

2. surfaces laterally contiguous to the glacier.

3. surfaces above the equilibrium line altitude.

4. surfaces which can be connected to the glacier surface via a straight line.
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In order to accurately identify potential snowblow areas based on the above definition an
IfSAR DEM was classified according to slope angle, elevation and aspect and the snowblow
areas digitised. The snowblow area was also split into quadrants in order to assess the
contribution of winds from different directions to snowblow. The quadrants were then further

split into 15° sectors and the area within each sector was calculated.

As noted above snowblow area was split into 90° quadrants from north; NW, SW, SE and NE.
Further southern (135-225°) and western quadrants (225-315°) were also developed to assess
the contribution of the south-southwesterly winds believed to have been dominant during the

Loch Lomond Stadial to snowblow.

In order to assess the potential of each of these quadrants to supply mass to the glacier by
snowblow, snowblow factors were calculated by following the procedure outlined by Sissons

(1980). This method is summarised in equation 5 below.

Asnowblow

Aglacier

(equation 5)

where SF is the snowblow factor of a given quadrant, sector or glacier, A gcier is the area of the
glacier surface and As,owsiow is the snowblow area being considered. It is necessary to take the
square root of glacier area/snowblow area since large potential snowblow areas with elongate
shapes will not all have an equal opportunity to contribute mass to the glacier. Because of the
size of these areas the terrain further away from the glacier will be less likely to contribute

snow to the glacier (Sissons, 1980: Mitchell, 1996).

3.2.3 Glacier dynamics
In order to test the viability of the reconstructed glaciers, it is necessary to apply a quantitative
model. It is hoped that the application of such models will reduce the element of qualitative
speculation associated with glaciological reconstruction. The applied model, which largely
follows the methodology outlined by Carr and Coleman (2007) is based around independent
palaeo-temperature data. Coope and Joachim (1980) provide a palaeo-environmental
framework for St Bees Head from coleoptera and assume an environmental lapse rate of
0.0065°C/m. As noted by Hindmarsh (1989) glacier flow is directly influenced by the mass-

balance dynamics of a glacier, more than the reverse (Carr and Coleman, 2007). Carr and
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Coleman (2007) therefore argue that steady state ‘balance’ dynamics can be reconstructed

from information pertaining to the mass-balance of a glacier.

This methodology can also be applied to landforms for which the genesis is uncertain in order
to determine whether or not they were formed by viable active glaciers. The misidentification
of geomorphological features can lead to features which originated in periglacial environments
such as rock glaciers or protalus ramparts or those of paraglacial origin such as slope failures
being misidentified as moraines. On a regional scale this can lead to inaccurate glacial

reconstructions.

Previous methods of glaciological reconstruction have been criticised by Carr and Coleman
(2007). The assumption that basal motion at the ELA is zero by Murray and Locke (1989), for
example, allows them to apply continuity theory to reconstruct ice velocities down-glacier of
the ELA. This assumption however is tentative since monitoring of contemporary ice masses
recommends that basal motion may account for up to 90 % of total glacier motion at the ELA

in cirque and valley glaciers (Andrews, 1975: Carr and Coleman, 2007).

It is evident from the literature that the most problematic part of glaciological reconstruction
relates to the computation of basal motion and the relative contribution of its two key
components: basal sliding and subglacial deformation. Models often fail to consider the
contribution of subglacial deformation (Oerlemans, 1997) and thus it is clear that a more

transparent approach to glaciological modelling is required.

e Derivation of temperature and accumulation at the ELA.
Using the environmental lapse rate provided by Coope and Joachim (1980), equation 6 below

can be used to derive the temperature at the ELA of a glacier.

Tea =T5+0.0065(A , — A

proxy )

(equation 6)

where T4 indicates the temperature at the ELA, T; is the 3-month mean summer temperature
(June-August, in °C), Aga is the altitude of the ELA and A,y is the altitude of the proxy site.
T3, a temperature proxy based on Coleoptera assemblages at St Bees Head, can be calculated
from July mean temperatures (T;) using equation 7 provided by Benn and Ballantyne (2005).
Equation 7 was derived following the analysis of meteorological data from stations in Scotland

and Scandanavia by Benn and Ballantyne (2005).
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T, =0.97T,

(equation 7)

where T; is the mean July temperature in °C. In order to calculate the winter accumulation
plus summer precipitation in mm a™* w.e. (P,) at the ELA, Ohmura et al. (1992) find that the

best-fit polynomial regression curve of T3 against P, can be shown as follows:

P, =a+bT,+cT,’

(equation 8)

where a = 645, b =296 and c = 9. The standard error provided by this estimate is + 200 mm yr
! w.e.. P, therefore represents the total accumulation required at the ELA in order to maintain
a steady-state equilibrium and includes direct precipitation along with inputs from snowblow
and avalanching; however these individual components are not quantified here. It has been
observed by Ohmura et al. (1992) that winter mass balance (accumulation) correlates well with

annual precipitation (P,). P, can therefore be assumed to equate to the winter balance (B,,).

e Derivation of the ablation gradient and net ablation
Ablation is the result of heat supplied to the surface of snow or ice. Heat transfer from the air
is a function of temperature and therefore also a function of altitude (Schytt, 1967). An
indication of the influence of this heat transfer is provided by an ablation gradient which can
be defined as the change in ablation consequent on a change in altitude. Ablation gradients
are therefore expected to be steep (>5 mm/m) on tropical and mid-latitude glaciers and
shallow (<3 mm/m) in cold polar regions (Carr and Coleman, 2007: Schytt, 1967). Steep
ablation gradients are therefore taken to require rapid ice flow which replenishes the high
ablation occurring in the ablation zone and particularly at the terminus. Conversely, shallow
ablation gradients require slower ice flow since less mass is required to replenish that being
lost through ablation. Carr and Coleman (2007) suggest that a positive correlation exists
between the ablation gradient (mm m™) and the mass loss at the ELA (m) of a glacier using

data sourced from Andrews (1972) which provides an r® value of 0.83.

As noted by Carr and Coleman (2007), if mass loss at the ELA is equivalent to P, then the

ablation gradient can be used to derive a reconstructed glacier mass-balance. Andrews (1972)
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has derived the following non-linear relation between the ablation gradient (a,) and the total

accumulation required at the ELA to maintain a glacier in steady-state equilibrium (P,):

a, =7.809x107"P,?> -5.681x10*P, +3.3342

(equation 9)

where P, remains in mm a™ and a, is in mm m™ a’. Equations 6, 8 and 9 can then be
combined to eliminate P, and T, giving a, as a quartic function of the ELA altitude (for

convenience here taken as h, not Ag4) as follows:

a,(i)= Ah®* —Bh®+Ch? - Dh+E

(equation 10)

where A, B, C, D and E represent positive coefficients obtained from the coefficients of
equations 6, 8 and 9 (Tz4, P, and a, respectively). The actual net ablation, g, is obtained by
integrating the ablation gradient (equation 10) with respect to the altitude of the ELA, i, based
on the boundary condition that the net ablation at the ELA, /., equals net accumulation and

thus zero. Hence,

a(h) = }az(h’) dh’
he

1 1 1
=g AN =h?)-7B(n"=h*)+3C(h°-h7)

e

—%D(hz—hez)JrE(h—he) mma*

(equation 11)
The total ablation, b, in a given height interval, e.g. from a lower height h, to an upper height
h,, can be found by integrating equation 11 multiplied by the glacier width as a function of the

height, G(h);

b(h,,h)=1x1 G j a(h)G(h)dh m*a®

(equation 12)

where the factor of 1x 10 ensures that units of m®> a™ w.e. are produced. Since the function

G(h) is not known analytically, it is necessary to approximate the integral over the 50 m ice
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surface contour intervals. If S represents the total surface area in m” between the 50 m
contours of h; and h,, then net ablation can be derived as follows;

h

u

S

b(h,,h) ~1x10° ™ hj a(h) dh
s [Cs(h’-h®)-Cs(h°=h®)+C,(h*~h*) -
AR o (ni-nY)+C,(ni-ht)-Cyh )]

(equation 13)

Table 3.2 below provides the values for the coefficients C, used in equation 13 above.

Coefficient Value
C, = %0x10—3 3.764x10"* m*a’
C, = %0X10—3 8.577x10 m?a’
C, :(%2x10—3 7.080x10"° m2a’
C, = %X10—3 2.506x10° m”a’
C, =5/ x10° 5.954x10° a’
C, 2.258x10'°h° —4.289%10 *h* +2.832x10°h
~7.520x10°A,* +1.191x10°h, ma’

Table 3.2: Coefficient C, values for use in equation 13.

Since the glacier is assumed to be in steady-state equilibrium, the calculated net ablation can

also be taken as the net accumulation.

o Derivation of mass-flux and ice velocities
The net ablation calculated from equation 13 in m® a® w.e. can be simply converted to a

volume of ice by dividing by the density of ice (assumed throughout to be 910 kg m™).
The calculation of the cross sectional area of the ELA (m®) allows an average surface velocity in

m a (U,) to be calculated by dividing mass flux by cross sectional area. It is then necessary to

calculate the contribution of the components of this velocity which are essentially internal ice
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deformation (V,,) and basal sliding (U,) (Paterson, 1994). Internal ice deformation (V,,) can be

calculated by subtracting U, from U; (see figure 3.1).
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Figure 3.1: The velocity profile of a glacier where U; indicates the mean surface velocity, U,
the velocity contribution of basal motion by sliding and V, the contribution of ice

deformation to overall velocity. Adapted from Hooke (2005).

In order to derive the maximum surface velocity of ice deformation, V., it is first necessary to

calculate basal shear stress which can be computed by;

7, = (pyHF sin) /100,000

(equation 14)

where T, is the basal shear stress (bars), p is the density of ice taken as 910 kg/m?, g is the
acceleration due to gravity (9.81 m/s?), H is the ice thickness at the centre point of the ELA (m),
F is the glacier’s ‘shape factor’ (derived from equation 15 below) and a is the ice surface slope

at the ELA in degrees.

(equation 15)

j is the cross sectional area of the bed across the ELA, k is the centre line ice thickness at the

ELA and m is the perimeter of the bed at the ELA. The calculated value for 1, can then be used
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within equation 16 which is an adapted flow law for glacier ice to compute the maximum

surface velocity of ice deformation;

v, - (2Qn"H)
(n+1

(equation 16)

where V, is the ice centre line deformation (m a™), Q is a temperature dependant constant of
flow law (here taken as 0.167 bar™ yr?) and n is an exponential constant of flow law (here
taken as 3) (Glen, 1954: Nye, 1952: Carr and Coleman, 2007). The average rate of ice
deformation at the ELA (m a™) is then subtracted from the mean balance velocity (m a™) to
give the required basal motion (m a™). This value is then taken as a percentage of the mean
balance velocity (m a™) to give the proportional contribution of basal motion to glacier velocity

(%).

3.3 Sedimentological evidence: Coring

Coring was carried out in order to determine the down-valley limit of ice during the Loch
Lomond Stadial (LLS). The sedimentological sequences found both inside and outside of the
LLS ice limits are assumed to have distinct stratigraphic differences. Classically, sequences
found outside of the LLS were expected to reveal a tripartite sequence consisting of LGM/Late
Devensian ice sheet, Windermere Interstadial, LLS and Holocene sediments. In contrast,
sequences taken from within the LLS limits were expected to lack a clear LLS signal and
instead, simply show a gradual transition from a lower unit to an upper Holocene unit. This

technique therefore provided a means of relatively dating the proposed LLS limits.

3.3.1 Site Selection
Cores were collected from two sites in the south-west Lake District: Mosedale and Upper
Eskdale. A Russian corer was used in order to prevent sediments being lost as the core was
removed from the ground. Sites were identified both inside and outside of the proposed
glacier limits in order to relatively date the end moraines of the Loch Lomond Stadial glaciers
and thus confirm or reject these as the maximum extent of the glaciers. The locations of the
coring sites are indicated on figures 4.1a/b and 5.1a/b where they can be view in the context

of the local geomorphology.

Cores were pushed into the ground by hand to a maximum depth of 3.10 m. Exact coring sites

within the five study areas were identified based on a number of factors including the
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proximity to post-glacial/Holocene sediment influx including any rivers or streams, site
wetness, the surface profile of the site and its accessibility. Ideally, sites with flat surface
profiles, away from fluvial influences with a reasonably high degree of wetness and relatively

easy access were preferable.

3.3.2 Coring method
The Russian corer was inserted vertically into the ground to the maximum depth that could be
reached. On several occasions the depth of the cores was limited by rocks within the sediment
(frequently part of extensive boulder/gravel layers deposited by nearby rivers) or by highly
consolidated sediment which the corer could not penetrate. The corer was then rotated
clockwise by 360° in order to shut the gate on the corer to entrain the sediment. Once

exposed cores were stored in sealed plastic tubing in a fridge before being analysed.

34 Summary

e Geomorphological mapping was carried in the field, from aerial photography and from
NextMap using a series of morphostratigraphic criteria.

e Geomorphology was first mapped from NextMap and aerial photography and the
initial maps were then checked in the field.

e  When sound geomorphological maps had been drawn, ice margins were drawn
according to the geomorphological differences expected inside and outside of the LLS
limits according to the morphostratigraphic criteria set out before the onset of
mapping.

e Ice surface contours were drawn perpendicular to the ice flow orientation suggested
by the geomorphology.

e The viability of the reconstructed glaciers was tested using a simple mass balance
model. The model compares surface and basal glacier velocities and assumes that a
glacier in which the basal velocity exceeds 90 % of the surface velocity is not
glaciologically viable.

e The potential contribution of snowblow to each of the glaciers was calculated and is
represented in the thesis by the snowblow factor.

e Coring was carried out at selected sites using a Russian corer and analysed for particle

size using a laser granulometer.

-43 -



Chapter 4

METHODS PART 2:
GEOMORPHOLOGICAL
MAPPING: A REVIEW OF
DATA SOURCES AND
METHODS OF
ORTHORECTIFICATION
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4: METHODS

4.0 Introduction

This project lends itself to several methodological approaches involving various different data
sources and types. Mapping was carried out in the field, from aerial photography and from
IfSAR NextMap data. All aerial photography was kindly supplied by the Lake District National
Park Authority from the Ordnance Survey 1972 flight series. ArcGIS and Erdas Imagine were
used to produce the final maps and each program provided unique advantages and
disadvantages. Problems encountered at the various stages of research are discussed along
with alternative options. The use of NextMap IfSAR data will also be discussed with specific
reference to this project, and compared to its use in a larger scale project. Problems that have
arisen largely relate to the resolution of the IfSAR data and for this reason a comparison

between IfSAR and LiDAR data is provided.

4.1 IfSAR data in comparison to other remotely sensed data

Operating commercially since January 1997, Intermap’s single-pass across-track
interferometric synthetic aperture radar (IfSAR) STAR-3i is the source of data for NextMap.
The STAR-3i has an X-band SAR interferometer with a frequency of 9.5675 GHz onboard a
LearJet 36. An onboard differential Global Positioning System (GPS) combined with a laser-
based inertial navigation system ensure the accurate positioning and orientation of the radar.
The flying altitude at which the data is collected contributes to the accuracy of the data, with
lower flying altitudes producing the most accurate data as a result of a lower signal to noise
ratio and shorter lever arm errors. STAR-3i flights generally occur between altitudes of 6000-

7000 m (Dowman et al., 2003).

In addition to the NextMap DSM, a Digital Terrain Model was also used. A DSM displays the
first ground surface that the X-band IfSAR strikes and therefore includes terrain features,
buildings, power lines and vegetation cover. In contrast, DTMs represent the elevation of the
bare earth and water without the inclusion of vegetation cover, buildings etc (as shown in
figure 4.1). The accuracy of DTMs is however heavily dependant on the algorithms used to

remove surface features.

NextMap currently provides a highly cost effective and comprehensive elevation data coverage
of the United Kingdom with a spatial resolution of 5 x 5 m and vertical accuracy of 0.5-1 m.
Admittedly, data sets such as LiDAR do offer a higher resolution often with a 2 x 2 m spatial
resolution and a vertical accuracy of 0.15 m. This difference in accuracy can be accounted for

by the higher flight height of IfSAR data (~6500 m) compared to that of LiDAR data (~800 m).
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Currently, however, there is only 60,000 km? of LIDAR coverage in the United Kingdom and this

does not include the south-west Lake District required for this project.

DIM

DSM

Vertical datum

;<,'y Xy XY X,V x,g/ X,V
X,y X,y Yy XYXYy

Figure 4.1: lllustration of a DSM and DTM taken from Dowman et al. (2003). The DSM
records the elevation of the first surface that the X-band IfSAR strikes so includes trees,
buildings etc while the DTM is the product of such features being removed from the DSM to

effectively show the elevation of the bare earth.

The Ordnance Survey Landform PROFILE™ data available through Edina Digimap (provided by
the University of Edinburgh) is a contour based data set compiled by stereo-interpretation of
aerial photographs over a number of years. This is the highest resolution data set available
from Edina. For comparison, OS Landform PROFILE™ data has a spatial resolution of 10 x 10 m
and a vertical accuracy of +5 m compared to the 5 x 5 m spatial resolution provided by
NextMap (Chiverrell et al., 2008). Problems associated with the OS Landform PROFILE™ data
include an absence of contours around anthropogenic features and the smoothing of contours
during digitisation and cartographic presentation. It is clear, therefore, that NextMap IfSAR
data far surpasses the capabilities of OS Landform PROFILE™ data and consequently OS

Landform PROFILE™ data is not used in this project.

The elevation measured by a single pixel, however, is the result of a combined signal of
scatterers. For example, when the X-band of the radar strikes a surface feature it may

penetrate into the feature beyond the expected visible surface. This is the case when an X-
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band strikes an area of woodland but is far less significant in the case of buildings or roads etc.
Consequently in areas of woodland or vegetation the resulting pixel may not be a true
representation of a feature’s height but instead a combination of a number of different
scatterings such that more height measurement noise is produced. Such errors should
therefore be considered carefully when applying NextMap data, particularly in areas of

vegetation cover.

Smith et al. (2006) also provide an evaluation of several sources of remotely sensed data:
LiDAR, Shuttle Radar Topography Mission C-Band (SRTM), Landmap, OS Panorama, OS Profile,
NEXTMap and Landsat Thematic Mapper. In order to assess their viability for use in
geomorphological mapping Smith et al (2006) compared each of the data sets with 1:10,560-
scale field geomorphological mapping. With data sets such as SRTM, OS Panorama, OS Profile,
Landmap and Landsat Smith et al (2006) conclude that the spatial resolution of the data
inhibits its use in geomorphological mapping. As previously stated, this is particularly the case
when mapping geomorphology pertaining to the Loch Lomond Stadial which is often much
smaller and subtle than the geomorphology associated with the Dimlington Stadial ice sheet.
In one particular area mapped by Smith et al (2006) for example, 322 drumlins were mapped
in the field. Of these, 189 drumlins were identified by NextMap, 50 by OS Profile and just 38
by OS Panorama. Furthermore, with respect to the positional accuracy of each of the mapped
landforms, the work of Smith et al (2006) indicates that 36% of the landforms identified by
NextMap were coincident with those mapped in the field (i.e. they were within ~ 200 m of the
field mapped landforms and did not deviate in orientation by more than 15°). This compares
with just 14% of landforms from the OS profile data and 6% from the OS Panorama data. This
clearly demonstrates the impact of the much higher resolution of the NextMap data set

compared to the OS Panorama and OS Profile data sets.

LiDAR data has also been compared to the field mapping and has been found to provide a very
close approximation of relief configuration due to its 2 m spatial resolution and a vertical
accuracy of £25 cm: much better than that of NextMap (Smith et al. 2006). As a result of this
Smith et al (2006) suggest that there is case for using LiDAR as a base map for the highest
resolution geomorphological mapping. With reference to the other sources of remotely
sensed data named above Smith et al (2006) suggest that NextMap is the only data set to
perform adequately in terms of the number of landforms identified, the similarity of the
orientation of the landforms mapped and the positional accuracy of the mapping compared to
the field mapping. The only exception to this is in areas of forestry where the NextMap data

struggles as discussed above.
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Dowman et al. (2003) also provide a comprehensive comparison of NextMap data with other
airborne data acquisitions including photography and LiDAR (summarised in table 4.1).
Dowman et al. (2003) conclude that overall, NextMap elevation data shows good agreement
with LiDAR (Light Detection and Ranging) data. LiDAR uses much shorter wavelengths of the
electromagnetic spectrum than RADAR and measures the journey time of a laser beam leaving
an instrument to the time of its reflectance. This can then be converted to distance using the

known value of the speed of light, and the resulting values are compiled into a DEM.

NextMap DSM NextMap DTM
mean difference RMSE (m) mean difference RMSE (m)
(m) (m)
LiDAR -0.61 +0.77 -0.22 +1.01

Aerial
-0.001 +0.1
Photography 0.00 017 _

Table 4.1: A comparison of NextMap DSM and DTM data with Aerial Photogrametry

and LiDAR data. The test area is near the River Severn and has a maximum relief of

just over 60 m. Data taken from Dowman et al. (2003).

Table 4.1 shows that the best agreement is found between the NextMap DSM data and aerial
photography. This data covers part of the River Severn floodplain which, with a relatively low
degree of land cover change and elevation variation, is effectively equivalent to bare earth.
This suggests that in areas where land cover variability is minimal, NextMap is able to provide
an accurate representation of the ground surface. Slightly less agreeable results are found
when comparing the NextMap DSM with LiDAR DSM; however these are still thought to be in
good agreement with both a mean difference and RMSE of less than 1 m. The comparison
between the NextMap DTM and LiDAR DTM however produces less convincing results.
Although a mean difference of -0.22 m appears consistent with results from the DSM
comparison and the aerial photography, the RMSE value of £1.01 highlights the problems
associated with DTM production (Florinsky, 2002).

In summary, NextMap provides an accurate representation of the earth’s surface, however
caution is required in areas where a wide variety of land covers are found; this is particularly
the case in woodland areas or areas with high vegetation density. In cases where land surface
elevation is required for areas below woodland, for example, a DTM should be cautiously

applied to the problem since it has been shown that errors are primarily inherent from two
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sources. Firstly, the IfSAR STAR-3i system is able to penetrate beyond the apparent surface of
a particular land cover or feature. This is most prevalent in areas of high vegetation density
with such inaccuracies being later incorporated into a DTM should one be produced. In built
up areas however, where features are of a lower density and land cover provides a higher
degree of reflectance, NextMap provides more reliable elevation data even when changes in
land cover are involved. Despite these problems it should be highlighted that NextMap is still
able to provide much more satisfactory elevation data over a variety of different land covers
than, for example, Ordnance Survey Landform PROFILE™ data sourced from Edina Digimap.
Secondly, the creation of DTMs from surface elevation data is also a source for error and DTM

accuracy is often dependant upon the algorithms applied to ‘smooth’ the initial elevation data.

4.2 The reliability of NextMap IfSAR data

Having decided that NextMap IfSAR data would be the most appropriate data set for use in
this project, two problems specific to this project were encountered and should be highlighted.
Firstly, the above assessment of IfSAR data is based on its application to a relatively flat area of
the United Kingdom. In contrast, the areas involved in this project in the south-west Lake
District include areas of high mountainous terrain. According to Smith et al. (2006) the
NextMap IfSAR data, and indeed LiDAR data, is most accurate in flat, rural, unforested areas

quite different from many areas of the south-west Lake District.

The second more problematic disadvantage of NextMap relates to NextMap’s spatial
resolution compared to the size of LLS geomorphology. This problem largely relates to the
scale of this project and can be illustrated by using the example of a field of drumlins as a
comparison (see figure 4.2a). The dimensions of each drumlin means that they are recognised
as changes in elevation since they frequently have relief greater than the 5 m vertical
resolution provided by the NextMap DSM. For this reason, NextMap is appropriate for
mapping areas such as the Vale of Eden where extensive Drumlin fields record the track of a
former Late Devensian ice stream (see figure 4.2). The advantages of using NextMap in the
Lake District however out-weight the disadvantages particularly with the dominant landuse in

the Lake District being non-forested upland which is free of settlements in the study areas.

In the section that follows, the illumination variables specified for each of the images have
been chosen according to the orientation of the landforms in the image. In order to illustrate
the point that while drumlins can be easily identified on the NextMap the much smaller Loch
Lomond Stadial moraines found in valleys such as Hayeswater cannot, the azimuth was set

perpendicular to the general orientation of the landforms as this best highlighted the crest
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lines of the features. Furthermore, the elevation of the illumination was specified at 45° as
this is the mid-point between an overhead sun and a sun theoretically at ground level (and
hence between a totally blacked out image and a totally white image) and therefore provides

the best light in which to view geomorphology.

4 -
Kilometers

Figure 4.2: A section of NextMap DSM showing part of the Vale of Eden. illumination

variables: azimuth = 225°, elevation = 45°. Scale: 1:50,000. Drumlin crest lines are
mapped onto one area of the DSM and are shown in red. Crest lines were easy to
distinguish due to the size of the drumlins since they frequently exceed the 5 m

vertical resolution of the NextMap DEMs.

It is clear from figure 4.2 that drumlin crests can be easily identified. In contrast, figure 4.3a
shows an area of ‘hummocky’ moraine surrounding Hayswater in the eastern Lake District.
Despite these moraines appearing dramatic on the ground and in photographs (figure 4.3b)
they are unclear on the NextMap DSM (figure 4.3a). Both figures 4.2 and 4.3 have an azimuth
of 225° and an illumination elevation of 45°. To further illustrate this point, figure 4.4 shows
the NextMap DSM, for Hayeswater at a scale of 1:15,000. Again the clear identification of the
Hayswater moraines remains problematic despite the increased scale, primarily because the
image becomes heavily pixelated. To rule out the possibility that this could be a result of an
unfavourable azimuth and elevation, figures 4.5a and b show the same area of Hayeswater as
figure 4.4 but with a solar elevation of 45° and an azimuth of 350° (i.e. illuminating the valley
from the north rather than the west). Figure 4.5b shows the same area as figure 4.5a but has

an increased scale of 1:4,000 demonstrating the problems with image resolution when scale is
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increased. The blue boxes on figure 4.5a and b highlight the same area of the most prominent
moraine in the image. Figures 4.5a and b again demonstrate that the identification of
geomorphological features is, in this case, is not dependant on the position of the sun relative
to the feature but simply a problem with the resolution of the DEM. It can thus be concluded
that without the support of aerial photography (preferably covering several decades and at a
variety of scales) and field mapping, NextMap DEMs may be deemed unsuitable in areas where

the geomorphology displays particularly small-scale relief.

Kilometers

Figure 4.3a: An area of ‘hummocky’ moraine surrounding Hayeswater in the High
Street range of the eastern Lake District. The image shows Haweswater in the east
and Patterdale in the west. The Hayswater valley is marked by a red box. Image
taken from the NextMap DSM. lllumination variables: azimuth = 225°, elevation =
45°. Note the scale of this image (1:25,000) is twice that of figure 4.2. Some
‘hummocky’ ground is visible at the southern end of Hayeswater but these features

cannot be mapped at this scale.
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i. Moraines on the eastern side of Hayswater show linearity ii. Moraines on the western side of Hayswater looking north

almost perpendicular to the long axis of the lake but are barely | [along the lake shoreline. Moraines have a ‘hummocky’
visible in figure 3.3a above. appearance and substantial height although only some exceed

the 5 m vertical resolution of the NextMap DEM.

Figure 4.3b:  Photographs of the moraines surrounding Hayeswater, the same

valley highlighted in figure 4.3a.

[
o 015 025 05 o075 1
[ T Kilometers
Figure 4.4: A section of NextMap DSM covering the Hayeswater valley in the High

Street range of the eastern Lake District. ‘Hummocky’ moraine surrounds Hayswater
but is unclear from this image. lllumination variables: azimuth = 225°, elevation =
45°. The scale of the map has been increased to 1:15,000. The red box again
highlights the Hayeswater valley. At this scale pixels are becoming visible indicating
that the image is approaching the resolution capacity of the DEM. Some moraines
are visible such as those shown in figure 4.3bi but many are not represented by the

DEM due to its resolution.
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Figure 4.5a: A section of NextMap DSM covering the Hayeswater valley in the High
Street range of the eastern Lake District. The red box again highlights the Hayswater
valley where areas of ‘hummocky’ moraine surround the lake. Image taken from the
NextMap DSM. Illlumination variables: azimuth = 350°, elevation = 45°. The scale of
the image has been increased to 1:10,000 resulting in the image becoming more
pixelated. In some cases a perpendicular shift of the azimuth can result in features
becoming visible due to a more favourable angle of illumination. Since many
moraines are still not visible in figure 4.5a this is not the case so instead problems
with the visibility of the moraine must relate to the resolution of the DEM. The blue

box indicates the area of moraine shown in figure 4.5b.
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Figure 4.5b: A section of NextMap DSM covering part of the Hayeswater valley in
the High Street range of the eastern Lake District. The blue box indicates the same
area as the blue box in figure 4.5a where moraines are most visible. Image taken
from NextMap DSM. lllumination variables: azimuth = 350°, elevation = 55°. The

scale of the image has been increased to 1:4000 and more pixels are now visible.

4.3 The influence of the illumination tool on DEM interpretation

The main advantage of using Erdas to map was that a ‘relief shaded’ option was available for
the raster layer (the DSM or DTM from NextMap). The visualisation of field sites using the
‘relief shading’ tool provides a simple and effective way of enhancing lineaments and other
glacial landforms using low angle, oblique, illumination (Hiller and Smith, 2008: Smith et al.,

2006).

Optimum conditions for feature identification involve illumination orthogonal to the principal
lineament orientation of a feature (Hiller and Smith, 2008). By using the ‘relief shading’ tool, a
set of diagnostic characteristics were developed for each vector layer/landform type. For
example, assuming a fixed azimuth, the gradient or the magnitude of down slope dip (the first
derivative of elevation) can be relatively large for many glacial landforms including lineaments,
lateral moraines or on a smaller scale flutes and ‘hummocks’. The result of this gradient
change is the characteristic relief shading which emphasises steep sided features with
characteristic widths/scales relative to the underlying topography. The degree of curvature

displayed by a feature can also be diagnostic. Aside from horizontal sinuosity, the degree of
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curvature orthogonally across the features profile can provide a distinctive ‘relief shading’.
Typically, curvature is high at breaks of slope (i.e. at the top and bottom of features) but low
on the top of features and at mid-slope locations. The resulting ‘relief shading’ will therefore
principally show changes in shading colour where curvature is highest, i.e. at the tops and
bottoms of features where major breaks of slope occur. The application of ‘relief shading’
therefore highlights crest lines well and to a lesser degree the initial break of slope found at

the base of larger features such as moraines, lineaments and drumlins.

Problems however are frequently associated with the relief shading tool. One particular
problem is the degree to which the tool distorts results by the introduction of human
dependent variables (azimuth and elevation). Knowingly or unknowingly, it is therefore easily
possible for mapping to be biased by the individual using the function. The result can often be
landforms which show linearity contrary to the ‘actual’ angle/direction of linearity shown in
the field. An illustration of this problem is shown in figure 4.6 below where linearity found
inside Sissons (1980) Loch Lomond Stadial ice limit in Mosedale can be mapped at
perpendicular angles depending on the illumination variables. It was decided that the most
effective way of eliminating this problem was to check all mapping in the field and with aerial

photography.
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Figure 4.6a and b: A comparison between mapping using different sun angles.
Mapping in the same area behind the Loch Lomond Stadial moraines in Mosedale
near Wastwater reveals linearity in perpendicular directions. Figure 4.6a:
illumination variables: azimuth = 300°, elevation = 45°. Image scale 1:7000. Figure

4.6b: illumination variables: azimuth = 35°, elevation = 45°. Image scale 1:7000.

Although the relief shading tool should be used with caution, it is a highly valuable tool which
is able to pick up a high level of detail. Illlumination variables are also easily changeable and
thus allow for much more comprehensive mapping. Without the relief shading tool, many of

the features mapped would not have been recognised.
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4.4 Georeferencing and orthorectification of aerial photography
Multiple methods were employed when accurately georeferencing, orthorectifying and
mosaicing aerial photography from the Ordnance Survey 1972 series. Supplied by the Lake

District National Park, these were black and white photographs at a scale of 1:25,000.

As outlined above, problems are encountered with the resolution of NextMap DEMs when
considering small scale landforms which may be vertically smaller than the 5 m resolution of
the DEM. This has been found to be particularly the case with landforms pertaining to the
Loch Lomond Stadial due to the small spatial extent of ice development. In order to alleviate
this problem, it was necessary to use aerial photography and this could be most conveniently

used when accurately georeferenced and mosaiced.

4.4.1 InArcMap
A 1:25,000 Ordnance Survey map downloaded from Edina Digimap was used as the base map.
The layer to be georeferenced was then selected from the drop-down menu labelled ‘layer’
and ground control points (GCPs) were added by matching up points on the aerial photographs
with points on the OS base map. This process was repeated to produce a minimum of 10 GCPs
on each photograph. In order to make the georeferencing as accurate as possible, evenly
spread GCPs were chosen as close to the edge of the photographs as possible. In order to take
the terrain variations into account, GCPs were also necessary at both the highest and lowest

altitudes of the photograph.

The features to be used as control points were considered carefully with the most successful
features found to be roads, railways, bridges and small low buildings with minimal shadowing
effect. Such features were termed ‘cultural features’. ‘Line features’ were also used but with
caution; this class of feature includes fence boundaries and footpaths which may have been
moved/rebuilt or represented incorrectly on the base map. ‘Line features’ were only used
where they were clearly identifiable on the map and where well defined edges, corners or
intersections were present. The final group of features was labelled ‘natural features’ and
included trees, forest boundaries, forest clearings and river confluences. Such features are
subject to frequently change either anthropogenically or naturally and consequently do not
provide reliable GCPs, particularly when considering the difference in the date of production
between the photographs (1972) and the OS base map (2006). Although water bodies fall into
the category of ‘natural features’, they were often used as GCPs mainly due to convenience. It
was noted however that the level of many lakes and tarns have varied since the aerial

photographs were taken, so for this reason shorelines were only taken as GCPs where the
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same water level could be identified on the photographs and the map. For example, particular
care was taken when georeferencing photography from the Levers Water area since the level
of the lake appears much higher on the more recent OS base map than on the 1972 aerial

photography. As a result Levers Water was not used as a GCP.

Kilometers

Figure 4.7a: An example of photographs that have been georeferenced in ArcGIS for the
area around Langdale. The edges of each photograph are clearly visible despite cropping to
remove colour variations associated with the edges of the photographs. The match of the
photographs is also poor with some fields and road junctions, for example, visible in multiple

photographs.
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Figure 4.7b:  An example of photographs that have been georeferenced in ArcGIS. Aside
from the accuracy of the georeferencing between the photographs, the georeferencing with
the underlying reference image (a 1:25,000 OS map) is also poor. The location of Stickle Tarn
(the largest lake in the photograph) clearly demonstrates the discrepancy between the
photographs and the 1:25,000 map with the lake clearly lying further east in the

photographs than on the map.

The problems associated with georeferencing in ArcMap are clear from figure 4.7. It was
found that although ArcMap was competent at georeferencing images with only a small

number of GCPs on photographs where there was minimal distortion; problems were
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encountered when photographs required many GCPs due to a high degree of unevenly spread
distortion. For clarity, it is necessary to define the word ‘distortion” which in this case is taken
to mean: ‘the degree to which a photograph is required to be reshaped in order to be

georeferenced accurately with the base map’ as shown in figure 4.8 below.

0.25 0.5 1

Kilometers

Figure 4.8: Examples of photograph distortion in the process of orthorectification.
The above photographs were rectified in Erdas Imagine. Figure 4.8a shows the
rectified image with the black areas representing image displacement away from the
original outer limits of the photograph. This is the result of the image being
transformed from an image co-ordinate system to a ground co-ordinate system in
order to remove any relief displacement. For comparison, figure 4.8b shows the

original image that was orthorectified to produce figure 4.8a for comparison.

It was found that ArcMap was unable to reshape the photographs sufficiently to make
georeferencing accurate. As a consequence, it was difficult to georeference multiple
photographs which not only fitted accurately with the base map but also with each other.
Where photographs overlapped, problems were also encountered with colour differences. In
order to alleviate this problem, all photographs were cropped so that colour variations
associated with the edges of the photography were eliminated. Despite this, colour variations
still remained a problem in ArcMap with the edges of every photograph clearly visible (see

figure 4.7).

The main reason that ArcGIS struggles to accurately georeference aerial photography,

particularly in mountainous regions, is due to the effects of relief displacement. Relief
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displacement is the phenomena by which areas of higher elevation are shifted away from their
actual position when recorded in a photograph (see figure 4.9 below). This occurs because the
angle at which the X-band is reflected back from the earth through the camera lens is different
when the land surface is elevated. In order to correct for relief displacement, it is necessary to
orthorectify aerial photographs rather than just georeferencing them. Orthorectification
involves the transformation of a 2 dimensional image co-ordinate system into a 3 dimensional
ground co-ordinate system by the incorporation of elevation data (in the form of a DEM) into
the georeferencing process. It is the inclusion of elevation data that distinguishes
georeferencing from orthorectification. Theoretically, relief displacement can also occur
where areas of high vegetation or other land cover occur although that is negligible in this
area. The idea of relief displacement further explains why ArcGIS is able to georeference
maps, (e.g. Sissons (1980)) since these maps have already been corrected for relief

displacement and are projected onto the OS British Grid.

PHOTOGRAPH

GROUND

Figure 4.9: A schematic iIIusti"ation of relief displacement. Higher elevations
produce photographs with a greater degree of displacement as reflectance occurs at
different angles. X indicates the displacement of the X-band produced by different
elevations over the same point on the ground. Xis also dependant on the angle at
which the photograph is taken relative to the ground surface. The greater the angle
at which the X-band strikes the ground the great the relief displacement in areas of

higher elevation.
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4.4.2 In Hugin
Hugin is a cross-platform photograph stitcher which can be freely downloaded from
http://hugin.sourceforge.net/. The primary aim of using this program was to remove
problems associated with colour differences between the photographs before georeferencing

them in another package such as ArcGIS or Erdas Imagine.

As with ArcMap, photographs were uploaded and a minimum of 10 GCPs were added around
the edge of each photograph. Since photographs were not being georeferenced in Hugin a
base map was not required: instead, GCPs were identified on overlapping areas of
neighbouring photographs. The number of photographs that can be uploaded at once is not

limited by Hugin but by the specification of the computer being used.

The result of a test run to stitch only 2 photographs together was promising and later
improved upon using the ‘correction’ and ‘blending’ tools within Hugin. Having been
successful with two photographs, it was decided that photographs should be stitched together
in columns, and the columns later stitched since the computer was unable to handle stitching
27 photographs simultaneously. The result of the first column to be stitched is shown in figure
4.10 and shows a good degree of colour blending. Upon close inspection some errors are
present in areas where features in the photographs do not exactly match up e.g. roads, rivers
etc but in comparison to ArcMap the colour:accuracy ratio appears to improve by following

this method in Hugin.
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Figure 4.10: A column of photographs stitched using Hugin showing a North to
south transect from Great Tongue to Tarns How. Colour differences between the
photographs are well blended and accuracy shows an improvement on that provided

by ArcGIS with a similar number of photographs.

Problems did however arise when later trying to stitch together the six columns of

photographs. The three most easterly columns were attempted first and appeared promising

(see figure 4.11) with good colour blending and accuracy.
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Figure 4.11: The results of three columns of photographs being stitched together using
Hugin. Photographs cover the western half of the fieldsite including Mosedale, Lingmell

Beck and part of Upper Eskdale.
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However when photographs from figure 4.11 were stitched with the three columns of
photographs from the western side of the photograph area the result was less pleasing. Figure
4.12 shows how the stitching of the western and eastern photographs produced a ‘fisheye’
type of effect across the photograph. This was particularly unsatisfactory since Upper Eskdale
(in the centre of the image) is one of the key field sites focused upon in this project. There are
several explanations for this problem. Firstly, if the camera used to take the photographs was
set in an automatic exposure mode then the photographs may have been taken at varying
exposures and aperture settings: hence the colour variation. However, having tried several
different settings to prevent this effect from occurring it was decided that the degree of
parallax correction required on the aerial photography was simply beyond the scope of Hugin.

This, combined with the quantity of photographs involved suggested that an alternative

method of mosaicing the photography was necessary.

Figure 4.12: The result of the eastern and western sides of the photograph area being
stitched. A ‘fisheye’ type effect is seen particularly in the centre and far left of the

photograph making it unsuitable for use.
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4.4.3 InErdas Imagine
The final method used to mosaic the aerial photography of the south-west Lake District
involved the use of IMAGINE AutoSync, a workstation within Erdas Imagine which provides

automated rectification of imagery.

Resampling is the process by which values are reassigned to rectified pixels, a process that is
complicated by changes in the scale of the photography resulting from the process of
removing geometric distortion. Several resampling algorithms are provided by Erdas Imagine:
Nearest Neighbour, Bilinear Interpolation, Cubic Convolution and Bicubic Spline. Bilinear
Interpolation involves each pixel receiving the distance-weighted average value of the 4 pixels
that were closest to it after being shifted. This was deemed the most appropriate method for
resampling of the photography in this project since it averages the data and therefore
smoothes out extreme values. As a result, this method reduces the sharp edges associated
with the faster Nearest Neighbour approach (the method used in ArcGIS). Overall this method

is also the most spatially accurate in assigning approximate values to locations.

In order to prevent potential matching problems between uncorrected, vertically displaced
mountain regions in the raw input image (the photograph) and the British Grid projected OS
base map, a sensor model was applied. This model involves a DEM (in this case the NextMap
DSM) being incorporated into the georeferencing process and used as an earth model. The
DEM provides additional model-solving information which can result in the location of features
in the output image being more accurate when converted from a 2D image co-ordinate system
to a 3D ground co-ordinate system. In the Lake District, the large amount of mountainous
terrain can drastically affect the quality of the rectified output image. Variations in elevation
between the input image and the ‘flat’ orthorectified reference image can cause vertical/relief
displacement and thus errors within the rectified images. The incorporation of the DEM into
this method was therefore vital and is the key element that distinguishes the methodology
used in Erdas Imagine from those described previously. With this method, photographs were

no longer simply georeferenced but instead orthorectified.

When all GCPs had been added to the images, the errors associated with the GCPs were
calculated. It was decided that in order to minimise and cap the error on the rectified images,
all RMSEs should be < 3 m and all SDs < 2 m. Any input images with values above these
therefore required editing of the GCPs in order to reduce the values. The SDs of individual

GCPs were then considered and GCPs with SDs > 10 m were removed one by one with the
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RSME and SD values being recalculated after each removal. This process was continued until
useable RMSE and SD values were calculated for the image. Figure 4.13a and b below
demonstrates how low RMSE and SD values result in accurately orthorectified photography.

The output image could then be viewed in the workstation viewer. This process was repeated

for each of the 27 images.

-67 -



VICTORIA BROWN CHAPTER 4: METHODS

0 0.2505 1 15
e e Kilometers

Figure 4.13a: Two rectified aerial photographs layered over a 1:25,000 OS base map
with a transparency of 50%. The photographs match very well with the base map
and demonstrate the high degree of accuracy associated with this method. The
RMSE and SDs for these photographs were 2.697964 m (RMSE) and 1.718323 m (SD)
for the top photograph and 2.508552 m (RMSE) and 1.0207309 m (SD) for the bottom
photograph.
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Figure 4.13b: A section of rectified photography overlain on a 1:25,000 base map.
The red box indicates the area covered by figure 4.13b on figure 4.13a. Again a good
match between the photography and map is seen. Photograph transparency is set to

50%.

The resulting, now orthorectified photographs were then mosaiced using the mosaic tool in
Erdas Imagine, the methodology for which has previously been described. Figures 4.14aand b
below show the final mosaic which despite the visibility of photograph edges in some areas
was deemed suitable for purpose since its main use would be to view individual field sites

rather than the whole area.
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Figure 4.14a: The final mosaic of the orthorectified aerial photography covering the
south-west Lake District. The area covered by the photography is indicated by the red
box on map A. Photograph transparency = 40%.

OVERSIZE FIGURE APPEARS AT END OF THESIS
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Figure 4.14b: The orthorectified aerial photograph covering two of the selected field
sites at the northern end of Wastwater: Mosedale and Lingmell Beck. This zoomed in
Image means that the edges of some photographs become visible. Photograph edges
are, however, barely visible compared to the georeferencing done in ArcGIS (see figure
3.7) and consequently, due to the high degree of accuracy associated with this
method, the mosaic shown in figure 3.14a was accepted as the final product of the

orthorectification.

OVERSIZE FIGURE APPEARS AT END OF THESIS
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4.5

Summary
Compared to many remotely sensed data sets such as OS Profile, OS Panorama, SRTM,
Landmap and Landsat, NextMap provides cost effective digital elevation data with
excellent spatial coverage.
The 5 m resolution of NextMap means that it matches well with the most reliable data
sets such as LiDAR and ground survey in accuracy tests relating to geomorphological
mapping.
In small scale mapping projects however such as those pertaining to the Loch Lomond
Stadial, NextMap should be used cautiously since landforms often do not exceed the 5
m resolution of the data set.
The use of the relief shading tool in Erdas Imagine is a potential source of error in
geomorphological mapping when using NextMap. Consequently, all mapping should
be checked in the field or at least against aerial photography.
A number of different software packages are capable of image
orthorectification/georeferencing however Erdas Imagine has been shown to be by far

the most powerful of the three packages discussed above.
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5: MOSEDALE, LINGMELL BECK AND LINGMELL GILL

5.0 INTRODUCTION

Chapters 5 and 6 provide a detailed account of the geomorphology and associated
palaeoglaciological reconstruction at each of the 6 field locations identified in chapter 2. Each
chapter addresses 3 locations both of which are summarised at the end of chapter 5 with an
overview of the geomorphology of the whole of the south-west English Lake District presented

in figure 5.30.

5.1 Mosedale

Mosedale is a relatively small south-east facing valley located at the northern end of
Wastwater in the south-west Lake District. The valley is approximately 2.5 km at its longest
point and is surrounded by some of the highest ground in the Lake District. Kirk Fell, a summit
which is suggested by McDougall (1998) to have supported a plateau icefield during the Loch
Lomond Stadial, sits on the eastern side of the valley and attains an altitude of 802 m OD. At
the valley’s most northerly point Pillar (892 m OD), and further to the west, Little Scoat Fell
(841 m OD) and Red Pike (826 m OD), all facilitate the isolation of the valley from the
neighbouring valleys of Ennerdale and Nether Beck. In contrast, the relatively subdued
topography of the valley floor is dominated by a heavily meandering river system which
sources from both Black Comb and Black Sail Pass and has clearly supported much greater

discharges than at present.

This chapter will provide a qualitative assessment of the geomorphology within Mosedale,
Lingmell Beck and Lingmell Gill. These inferences will then be supported by sedimentological
evidence and a reconstruction of glacier dynamics to test the viability of the proposed glacial
limits. The potential for mass accumulation through the blowing of snow will also be
considered and the reconstruction compared to previous glacial reconstructions in the same

areas.

5.1.1 Geomorphology in the valley of Mosedale
Unlike many valleys in the Lake District, Mosedale provides geomorphological evidence of
glacier occupation throughout its entire length. At the most southerly end of the valley, large
rounded moraines, some perpendicular and some parallel to the valley walls, are common.
These moraines are of substantial size both in width and height and are frequently greater
than 10 m high. Little consistent variation is seen between the proximal and distal slope
angles of these moraines, and many of the moraines appear circular. From the ground,

moraines do therefore not appear to display a consistent orientation of inter-moraine linearity
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or in some cases any linearity at all. However, the mapping of crest lines using aerial
photography and IfSAR data suggests that the arrangement of the moraines may be less
chaotic than it first appears from ground survey. Figures 5.1a and b below show the
geomorphology of Mosedale with moraines orientated at approximately 45° to the valley

sides.
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Figure 5.1a: The geomorphology of the valley of Mosedale.
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Figure 5.1b: The geomorphology of the valley of Mosedale including the distinction between

Loch Lomond Stadial and pre-Loch Lomond Stadial moraines.
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The largest of these rounded moraines can be found at the most southerly end of the valley, to
the north of Wastwater, where a pair of moraines separate the valley from the flat farmland
believed to be formed of glaciolacustrine deposits. These semi-arcuate moraines do not join
to form a cross valley moraine. If this was at some point the case the most obvious
explanation for their separation is glaciofluvial or post-glacial fluvial activity. As noted by
Manley (1959), it is often the case that moraines within the Lake District are incomplete, a
phenomenon which he too attributes to fluvial activity. Figure 5.2 below illustrates the

dominance of these moraines, which are over 30 m high, at the southern end of Mosedale.

Figure 5.2: Looking north-west up Mosedale from south-east of the most southerly moraines

in Mosedale. Large rounded moraines at the southern end of Mosedale mark the transition
from flat farmland to the south into the dramatic glacial geomorphology of the valley further

north.

Further large rounded moraines can be found covering the valley bottom further north of the
moraines pictured in figure 5.2. The moraines covering the valley bottom appear to have a
slightly more subdued topography although they remain prominent amongst the surrounding
flat fluvial gravels. Again, these moraines are fragmented with no continuous across-valley
moraines present. A series of fluvially cut breaks of slope are also present in the valley figure

5.3 below shows the moraines described above.
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Figure 5.3: Looking north-west up Mosedale with Pillar (982 m OD) being the highest visible

peak. Large moraines of over 10 m height have been dissected by the actively meandering

river. Crest lines are marked with a red line.

The moraines shown in figure 5.1 are also interspersed with features resulting from post-
glacial slope movement and grade into the valley sides but do not grade into lateral moraines
of an elevation any greater than 257 m OD in the main valley. Moving further north up the
valley these moraines become more sparse until two arcuate moraine ridges appear at the
entrance to Black Comb at an elevation of 178 m OD. These moraines, which are shown in
figure 5.1 as pink lines, possess sharp crest lines and form two arcuate ridges which grade into
lateral moraines, particularly on the eastern side of the Black Comb valley. In comparison with
moraines further south in the valley these moraines are considerably smaller both in height
and width and show a much lesser degree of post-glacial modification. These smaller

moraines are also much closer together than the moraines further to the south.

The qualitative assessment of moraine ‘freshness’ as a means of assigning an age to the
formation of moraines is a method which should be approached with extreme caution.
Manley (1955: 1959) was the first to introduce this idea which assigned the ‘freshest’ moraines
assigned to the most recent glaciation of the area, the Loch Lomond Stadial. Sissons (1980)

also adopted this approach in his identification of 64 independent ice masses in the Lake
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District during the Loch Lomond Stadial. Wilson (2002), however, notes that the differences
found between the maps of glacier masses produced for the Loch Lomond Stadial in the Lake
District by Manley (1959) and Sissons (1980) are substantial, with some glaciers identified by
Manley (1959) and Pennington (1978) not included on Sissons (1980) map and vice versa. This
difference highlights the difficulties associated with ‘freshness’ of form as a means of assigning
landforms to a particular glacial phase (Wilson, 2002). More recent work has emphasised that
moraine morphology is a reflection of a range of glaciological and sedimentological factors,
which, along with the human impact mean that the qualitative assessment of moraine
morphology in terms of ‘freshness’ in order to assign an age may be unfounded (McDougall,
1997: Wilson, 2002). It is therefore important to find other means by which to distinguish
between moraines pertaining to different time glacial episodes. The most reliable way to
achieve this is to implement dating techniques such as radiocarbon and cosmogenic radio
nuclide dating which provide absolute dates on glacial landforms and thus uniformity across
palaeo-glaciological reconstructions. Where the use of absolute dating is not feasible it is
possible to relatively date glacial landforms as has been done in this project using sediment

cores.

Mosedale is one example where assigning an age to the moraines is very difficult based purely
on their degree of ‘freshness’. Moraines with crest lines drawn in purple on figure 5.1b do
however show obvious morphological differences from those drawn in pink, however this is
mainly in terms of their size rather than their ‘freshness’. The moraines which form two
arcuate ridges are smaller both in height and width and as previously stated show a lesser
degree of post-glacial modification. This lesser degree of modification could in the context of
Manley’s idea of ‘freshness’ be taken as evidence to suggest that these moraines belong to a
later glacial episode. However, it could also be attributed to the lower discharge of the river in
Black Comb compared to that in the main valley. Alternatively the steep sided valley in Black
Comb channels water into one central river which doesn’t not have the opportunity to

meander and cause further moraine dissection as has been the case in the main valley.

5.1.2 Sedimentological evidence in Mosedale
Since both the large more southerly moraines and the smaller arcuate moraines cannot be
confidently assigned an age based on ‘freshness’ or morphology, it was necessary to attempt

relative age dating.

Amongst the large moraines within the main valley of Mosedale one unusual feature was

identified. On the eastern side of the valley a feature resembling a circular moraine was found
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(here referred to as feature A). The outer ridge of feature A has distinct morphological
similarities to many of the surrounding more linear moraines with a smooth crest and steep

sides of comparative amplitude (see figure 5.4).

Figure 5.4: Feature A on the east side of the main Mosedale valley; a circular peat filled

depression. The crest of the feature is highlighted in green and the coring site with a black
arrow (crestline of feature also shown in green on figure 5.1a/b along with coring site arrow

in black). Photograph taken from Black Sail Pass looking south-west.

The peaty, soft and saturated ground which is found in the centre of the circular feature
contrasts with the much more gravely fluvial deposits found outside the feature. This suggests
that feature A has remained isolated from the influence of the dynamic river system and thus

it was identified as a suitable site to carry out the coring.
A Russian corer was used to retrieve a 50 cm long core with a base depth of 3.4 m below the

peat surface (see figure 5.1a/b for core location in valley). Five stratigraphic units have been

identified within the core which can be seen below in figure 5.5.
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Figure 5.5: The stratigraphy and interpretation of a sediment core recovered from the centre

of feature A in Mosedale.

The upper 16.4 cm of the core is composed of sandy silt with the highest proportion of the
sediment being classified as a very coarse silt (figure 5.6). This unit also includes organic
material which, crucially, is not found anywhere else within the core. The amount of organic
material present in this upper unit decreases gradually with depth and consists of a peaty
material with no visible solid fragments of organics. This layer is believed to represent climatic

amelioration at the onset of the Holocene. The second unit between 16.4 and 22.0 cm
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consists again of a sandy silt, however particle size analysis using a laser granulometer shows
that this unit contains a lower percentage of sand (14.2%) compared with the uppermost unit
(23.7%) (figures 5.6 and 5.7). This unit is dominated by medium silt and displays a much lighter
colouring than the above upper unit. Unlike the transition between units 2 and 3 the
transition between units 1 and 2 is gradual over a depth of approximately 5 cm, thus
suggesting that a gradual climatic change was occurring at the time when this section of the
core was deposited. This entirely minerogenic layer is therefore thought to represent the Loch
Lomond Stadial with a rapid onset and slightly slower climatic amelioration into the Holocene

at ~10 ka BP.

Sand Gravel: 0.0%
Sand: 23.7%
Mud: 76.3

Very Coarse Gravel: 0.0%
Coarse Gravel: 0.0%
Medium Gravel: 0.0%
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Figure 5.6: Particle size analysis using a laser granulometer classifies 18.4% of the uppermost
unit of the core from feature A as a very coarse silt. All samples measured show close

agreement within the sandy silt sector of the above triplot.
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Figure 5.7: Particle size analysis using a laser granulometer classifies 17.0% of the sample

taken from unit 2 of the core from feature A as medium silt.

A thicker unit of grey minerogenic sediment forms unit 3 and consists of just 7.3% sand and
92.7% mud (figure 5.8). Furthermore 25.9% of the layer is composed of a fine silt which again

contains fine laminations. This unit is believed to represent a warming during the late glacial
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8.4%
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17.0%
16.7%
8.7%
12.5%

Silt

when vegetation was increasing in response to an ameliorating climate. As

mentioned, a sharp transition is seen in the core between unit 2 and unit 3 thus suggesting

that an abrupt climatic change occurred at the time when these sediments were being

deposited.
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Figure 5.8: Particle size analysis using a laser granulometer classifies 25.9% of the samples

taken from unit 2 of the core from feature A as fine silt.

The more yellow/brown sediment forming unit 4 of the core contains a higher percentage of
clay (20.5%) than units 1-3 and is also noticeably more dense. Much clearer laminations within
unit 4 of the core suggest that this unit may have formed in lacustrine conditions which
occurred during deglaciation following the Last Glacial Maximum (LGM) of ~21 ka BP. A
transitional boundary which occurs over ~8 cm of sediment is found between unit 4 and unit 3.
This further suggests that the climatic amelioration represented by this section of the core

occurred gradually, and produced 8 cm of sedimentation during deglaciation.

The lowest unit of the core, unit 5, is also considerably denser than units 1-3 and a clear
change in sediment colour from a much more blue/grey sediment in unit 5, to a more
yellow/brown sediment in unit 4, implies that there was a marked abrupt change in
sedimentation source in feature A at the time when the unit 4/5 boundary was deposited.
Again, this supports the suggestion that unit 4 formed during deglacial conditions following the
LGM when meltwater was beginning to pond. The minerogenic sediment of unit 5, which pre-
dates that of unit 4, is therefore believed to have been deposited subaerially under full glacial
conditions. This unit is the only unit in the core which contains a gravel fraction. This gravel
fraction is greater towards the base of the core and consists of small rock fragments not
greater than 4 mm diameter. The presence of a gravel fraction is consistent with subglacial
erosion under a large ice mass. The results of particle size analysis for units 4 and 5 can be

seen below in figures 5.9 and 5.10 respectively.
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Figure 5.9: Particle size analysis using a laser granulometer classifies 28.4% of the samples

taken from unit 4 of the core from feature A as fine silt.
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Figure 5.10: Particle size analysis using a laser granulometer classifies 26.8% of the samples

taken from unit 5 of the core from feature A as fine silt.
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The core obtained from the centre of feature A therefore displays a tripartite sequence with
units representing glacial-Interstadial-stadial-interglacial conditions from full glacial conditions
through to Holocene warming post-10ka BP. Since sediment accumulation has therefore
occurred throughout the Loch Lomond Stadial at this site, two crucial assumptions can be
made. Firstly, the limit of the Loch Lomond Stadial glacier within this valley must lay up-valley
of feature A, and secondly, the formation of feature A must pre-date the Loch Lomond Stadial.
Given that deglacial sediments are also found within the core it is most likely that feature A
formed during the early stages of deglaciation. Clearly, it is necessary to make some
assumptions in order to relatively date feature A, an improvement on this would be to apply
an absolute dating technique such as radiocarbon dating to the feature/core however this was

beyond the scope of this project.

The morphology of this feature and its location within the valley make it possible to explain the
formation of the feature by a number of processes. Firstly, it has been suggested that this
feature is a pingo formed under permafrost conditions. Such conditions are likely to have
been present during the early stages of deglaciation when the sedimentological evidence
above suggests that feature A may have been formed. However it seems most likely that this
feature is the result of a multi-phase process. During deglaciation, it is suggested that a
portion of ice became isolated on the valley bottom and was later covered with debris. The
formation of feature A by isolated ice may suggest that ice stagnated for at least part of
deglaciation at the close of the Dimlington Stadial. As climate warmed into the Windermere
Interstadial, the slopes of Kirk Fell directly to the north will have become re-mobilised and
were thus a potential source of debris. Later, as climate further ameliorated, the ice below the
sediment melted out to form the feature seen at present. The gradual process of ice melt may
account for the smooth slopes and circular appearance of the feature which is referred to hear

after as a peat filled circular depression.

5.1.3 Loch Lomond Stadial glacier reconstruction in Mosedale
It has therefore been established that if Mosedale supported a glacier during the Loch Lomond
Stadial the limit of this glacier must have been located north of feature A in the valley. In
delimiting Loch Lomond Stadial glaciers in the Lake District, Manley (1959) suggests that the
highest elevation moraines on a valley floor can be assumed to have been formed during the

most recent glacial episode; the Loch Lomond Stadial.

In Mosedale, the application of this theory places the limit of the Loch Lomond Stadial glacier

along the crest of the outermost arcuate moraine marked in pink on figure 5.1. This produces
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a glacier with the same down-slope limit as that proposed by Sissons (1980). Given the
morphological similarities between the moraines which occupy the valley floor (marked on
figure 5.1 in purple) it is difficult to envisage how some of these moraines could have been
affected by the processes operating at the front of a Loch Lomond Stadial glacier, yet maintain
or produce such a similar morphology to the moraines further down valley which have been
shown, from the stratigraphic evidence in feature A, to have been formed pre-Loch Lomond
Stadial. A clear morphological change however is seen between the moraines on the valley
floor and those which form the subtle arcuate ridge around Black Comb at 178 m OD (marked
on figure 5.1 in pink). By linking the process which formed the moraines within Mosedale to
their morphology it is inferred that the moraines occupying the valley floor were formed pre-
Loch Lomond Stadial, while those surrounding Black Comb were formed at the front of a small
valley glacier present during the Loch Lomond Stadial. Figure 5.11 below shows the
reconstructed glacier which is proposed to have occupied Mosedale during the Loch Lomond

Stadial based on the above findings.
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Figure 5.11: A reconstruction of the glacier which occupied Black Comb at the north end of

Mosedale during the Loch Lomond Stadial.
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As shown in figure 5.11 above, the glacier in Mosedale occupied the whole of the Black Comb
cirque before narrowing to a thinner tongue in its ablation zone. The glacier had a surface
area of 0.87 km? which is slightly larger than the area calculated by Sissons (1980) of 0.64 km®.
This increase is primarily due to the extension of the glacier along its northern margin and
causes the glacier to be larger than 45 (compared to 43 glaciers based on the glacier area
calculated by Sissons (1980)) of the 64 glaciers proposed by Sissons (1980). Further data

relating to this glacier can be found below in table 5.1.

As previously stated, the calculation of a glacier's ELA has long been used as a basis for
palaeoclimatic inferences and is the theoretical altitude on a glacier at which accumulation and
ablation are exactly balanced over the period of one year (Mitchell, 1996: Benn and Lehmkuhl,
2000). Table 5.1 below shows the calculated ELAs for the Mosedale glacier using the various
different methods reviewed in chapter 3. An altitude of 534 m OD has been used in

subsequent calculations.

Mosedale is a good example of where lateral moraines are still present. As a result the use of
lateral moraines to estimate the ELA of the Mosedale glacier appears to be reasonably
successful as the maximum elevation of lateral moraines method provides a value which is just
11.3 m lower than the final ELA calculation taken as 534 m OD. Along with the lateral
moraines and two arcuate moraine ridges, which are still present as a result of little post-
glacial modification, there is no morainic evidence to suggest that readvance occurred during
overall deglaciation. In contrast Upper Eskdale, a site that will be discussed in a subsequent
chapter, has very few lateral moraines, which only occur very close the proposed glacier
terminus. In settings such as this it is likely that the use of lateral moraines to estimate the ELA

will seriously underestimate the ELA.
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Mosedale

Area (km’) 0.87
Long axis length (m) 1618.03
Max altitude (m OD) 799.26
Min altitude (m OD) 177.54
Mid-altitude (m OD) 488.00
Lowest cirque
Name 107. Black Comb or 90. Black Head, Mosedale
Altitude (m OD) 590
Grade (according to Evans and Cox, 1995) 4
Altitude of highest lateral moraine (m OD) 522.70
Toe to head altitude ratio method (THAR) (m OD)
35% 395.14
40% 426.23
45% 457.31
50% 488.50
IAccumulation area ratio method (AAR) (m OD)
70% 498.00
65% 536.00
60% 555.00
55% 580.00
50% 630.00
Area weighted mean altitude method (AWMA) (m OD) 565.41

Balance ratio method (Benn and Gemmell, 1997) (m OD)

BR=2.00 512.72
BR=1.81 520.78
BR=1.60 528.28
BR=1.54 531.34
BR=1.43 537.27
Balance ratio method (Osmaston, 2005) (m OD)
BR=2.00 507
BR=1.81 516
BR=1.60 526
BR=1.54 529
BR=1.43 535
[Mlean value of all of the above methods (m OD) 518.94
e:r;;;lue of BR=1.54 (Benn and Gemmell,1997) and 533.67
LA used in subsequent calculations (m OD) 534

Table 5.1: ELA calculations and dimensions of the glacier occupying Mosedale during the

Loch Lomond Stadial.

e Comparison to previous reconstructions
As previously stated the south-west Lake District was not mapped by McDougall (1998)
however earlier Loch Lomond Stadial reconstructions within Mosedale show considerable
variation. Early work by Manley (1959) proposed a glacier which sat at the head of the valley
below Pillar (892 m OD) but did not facilitate Black Comb as its primary accumulation area.
Furthermore the maximum altitude of Manley’s proposed glacier did not exceed 610 m OD

which is surprising given the opportunity for a sheltered accumulation area within Black Comb.
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Manley’s proposed glacier does also not appear to terminate at the moraines proposed here
as the down-slope limit of the Loch Lomond Stadial glacier although the coarse scale of the
map produced by Manley (1959) makes it difficult to determine exactly where he intended his
limit to be. Sissons (1980) also reconstructed the Loch Lomond Stadial glacier in Mosedale.
Sissons’ (1980) reconstruction agrees well with the reconstruction proposed here in terms of
the down-slope limit of the glacier however some differences occur between the proposed
lateral limits. The most notable difference between the reconstructions of Sissons (1980) and
the current author occurs along the northern lateral limit where Sissons’ limit is considered
conservative. Here, an extension of the northern lateral limit of the glacier to coincide with
the crest of a lateral moraine which runs up the northern side of the Black Comb valley is

proposed (figure 5.11).

e The contribution of snowblow
The distribution of glaciers is often dictated by a number of regional and local climatic factors
including temperature, precipitation and prevailing wind direction. These variables often give
rise to local, regional and sometimes hemispherical trends in glacier aspect. During the Loch
Lomond Stadial snowfall was largely associated with south to south-westerly winds. According
to Sissons and Sutherland (1976), such winds were the result of cold polar water moving south
to meet the relatively warm North Atlantic Drift waters around south-west Ireland (Ruddiman
et al., 1977). This would have encouraged the vigorous interaction of air masses and produced
stormy conditions with abundant precipitation. Consequently, snowfall was associated with
depressions which followed more southerly tracks than those which prevail today (Sissons,

1980b).

During the Loch Lomond Stadial Sissons’ (1980) glacier reconstruction suggests that the largest
glaciers formed along the west-east mountain axis, especially in the Central Fells, with some of
the smallest glaciers further to the north-west. Glaciers preferentially developed in areas
which received low amounts of direct insolation and had large areas of adjacent higher ground
which could provide input to the glacier through snowblow. The result of this was that many
of the glaciers within the Lake District during the Loch Lomond Stadial had north to north-
easterly aspects and were located on the north to north-eastern side of mountain ranges or

ridges having a poleward aspect.

As noted by Evans (2006) regional variations in glaciation are largely a reflection of regional
climate, however local variations are dictated by slope mesoclimate and topography.

Furthermore, topography is influenced by bedrock geology, tectonics and climate (Evans,
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2006). Topographically, the headwalls of cirques within the Lake District favour a north-
easterly aspect with an average orientation of 049° + 10° (Evans and Cox, 1995). This is a
particularly significant finding when considering the reconstruction of Loch Lomond Stadial
glaciers in the region provided by Sissons (1980a). Sissons (1980a) suggests that many of the

glaciers present during the Loch Lomond Stadial had accumulation areas within cirques.

It is unlikely that the formation of large erosional landforms such as cirques relates to a single
glacial episode. Cirques in the Lake District are likely to have been eroded by glaciers at valley-
heads or on valley-sides. Since cirque initiation is therefore likely to pre-date the Loch Lomond
Stadial: cirques in the Lake District are believed to have partially dictated the location of
glaciers in the region during the Loch Lomond Stadial rather than vice versa (Evans, pers. com.:

Evans, 2003).

In terms of climate, the persistence of snow on poleward slopes is favoured by two key factors:
firstly, accumulation occurs in sheltered locations, and secondly, the reduction in air
turbulence across the glacier surface on poleward slopes reduces the heat transfer from air to
snow. The latter of these factors is particularly important when air temperatures exceed
freezing point (Evans, 2006). A factor which has the opposite effect on glacier development is
the angle at which precipitation input occurs. Precipitation rarely falls vertically and its

incidence is frequently greater on windward slopes.

The long axis of the accumulation area of the Mosedale glacier (Black Comb) lies at 110° and
the long axis of the main Mosedale valley lies at ~ 152°. Although Black Comb appears to have
a relatively unfavourable and exposed aspect, the local topography outside the glacier limits
counteracts this. To the south of the glacier is the summit of Red Pike (826 m OD) which forms
the northernmost point of a ridge which extends south-eastwards parallel with the long axis of
the main valley before curving slightly eastwards at the southern end of the valley. This ridge
therefore provides shelter from winds associated with southerly air masses and also to a lesser

degree from direct solar radiation.

In contrast, Black Sail Pass which is located on the opposite side of the valley to Black Comb is
in a highly unfavourable location for glacier development. As shown in figure 5.1, glacial
geomorphology in Black Sail Pass is sparse and fieldwork in the area brings the author to the
conclusion that the area was not occupied by a glacier during the Loch Lomond Stadial. This
agrees with the work of Manley (1959), Sissons (1980) and McDougall (1998). The primary

reason for the lack of glaciation at this site during the Loch Lomond Stadial relates to the
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aspect of the site (226°) relative to the prevailing wind direction (south-southwest). As a
consequence, the site will have received little shading from direct insolation. Opportunities for
snowblow also appear minimal due to a lack of suitable high ground to the south and south-

west of the glacier. Itis therefore unlikely that a glacier would have survived in Black Sail Pass.

5.1.4 The influence of snowblow on glacier development in Mosedale
Figures 5.12 and 5.13 below show the digitisation of the areas identified using the criteria
above and a polar plot of snowblow area respectively for the glacier in Mosedale. As shown in
figures 5.12 and 5.13 the glacier in Mosedale was surrounded by substantial amounts of
terrain with the potential to contribute mass to the glacier through snowblow. Interestingly, a
particularly large area with the potential for snowblow is found to the south of the glacier
between 165° and 210°. Table 5.2 below shows the snowblow factors and snowblow areas

calculated for the glacier in Mosedale.
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Figure 5.12: The snowblow areas associated with the Mosedale glacier. The ELA of the
glacier has been calculated at 534 m OD and is marked with a dark blue line above. The
snowblow sectors shaded in grey indicate the snowblow area lying within the southern

sector (135-225°).
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Figure 5.13: Polar plot of snowblow area with area-weighted 15° sector lengths.

Glacier name Mosedale
Glacier area (km?) 0.87
Total snowblow area (km?) 1.08

Snowblow area by 90° quadrants expressed as a percentage of the total
snowblow area (%)

NE (0-90°) 18.49
SE (91-180°) 10.68
SW (181-270°) 48.07
NW (271-360°) 22.76
S (135-225°) 53.34
W (226-315°) 17.36

Snowblow factor by 90° quadrants

NE (0-90°) 4.62

SE (91-180°) 3.51

SW (181-270°) 7.45

NW (271-360°) 513

S (135-225°) 7.85

W (226-315°) 4.48

Mean snowblow factor 5.51
Ratio of snowblow area to glacier area 1.24

Table 5.2: Snowblow areas and snowblow factors identified around the Mosedale glacier

using the criteria outlined in the text.
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The southern quadrant accounts for the highest percentage of snowblow area of out all the six
guadrants. This is mirrored by the southern quadrant also having the highest snowblow factor
of 7.85. This is closely followed by the southwest quadrant which has the second highest
snowblow factor of 7.45. Since terrain within the southwest, southeast and southern
guadrants may be considered windward of the glacier it may be significant that the largest

areas with the potential for snowblow occur in these quadrants.

As a means of further refining the definition of snowblow areas outlined above it may be

necessary to, in analysis, add in the following criteria to the above definition:

1. surfaces which are windward of the glacier surface (i.e. in the south-east, south-west or

southern quadrants in the case of the Loch Lomond Stadial in Britain).

This addition refers more to the climatic setting of the glacier than the previous criteria which
are more concerned with the topographic setting of the glacier. This particular criteria is
separated from criteria 1 to 4 as it requires knowledge of the prevailing wind direction during a
particular glacial episode and in a particular region. It is potentially therefore more effective to
calculate the total snowblow area in all six quadrants before applying criteria 5 to the results.
This will be particularly effective where prevailing wind directions are/were highly variable or

where palaeoclimatic knowledge is lacking.

5.1.4 Glacier dynamics in Mosedale
Table 5.3 below displays the results of the above methodology when applied to the Mosedale
glacier. A required basal motion of 0% indicates that the Mosedale glacier moved largely by
internal ice deformation rather than basal slip. A cross sectional profile of the Mosedale
glacier can be seen in figure 5.15 below. The glacier appears to maintain its thickness

throughout its length with only minimal thinning in the ablation zone.
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Mosedale
ELA (m) 534
[Temperature proxy used Coope and Joachim (1980) St Bees Head
Proxy site altitude (m OD) 0.00
T5 at proxy site (°C) 8.25
Temp. at ELA (0.0065°C/m lapse rate) 4.77
Degrees surface slope at ELA 18.22
Max ice thickness at ELA (m) 120.38
Glacier shape factor 0.54
Normal stress at centre point of ELA (bars) 10.50
Ablation gradient at ELA (mm/m) 6.05
Mass loss at ELA (ma-1) 2.26
Net Ablation (m® w.e.) 446,729
Mass flux (m* ice) 490,911
(Cross sectional area at ELA (m?) 40,774
Perimeter of bed at ELA (m) 635
Mean balance velocity at ELA (ma™) 12.04
Basal shear stress at ELA (bars) 2.06
Max ice deformation velocity at ELA (ma™ 368.82
?\n\:g_rgge ice deformation velocity at ELA 130.28
Required basal motion (ma™") 0.00
Required basal motion (%) 0.00

Table 5.3: Reconstructed steady-state dynamics and flow characteristics of the glacier

occupying Mosedale during the Loch Lomond Stadial.
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Figure 5.15: A cross sectional profile along the long axis of the Mosedale glacier.
Figure 5.16 below show the cross sectional profile from south to north across the ELA of the

Mosedale glacier. The valley shows a surprisingly symmetrical profile which reaches its

maximum depth slightly north of the centre point of the valley.

-99 -



CHAPTER 5: RESULTS

VICTORIA BROWN

‘dO W p€S = Y13 "4319€e|8 3|ePasSOIAl 9Y3 JO Y13 9Y) SSOIIE YHou 03 YInos 3j1jo.d [euo13das ssodd Yy :9T'G a4nSi4

\ T~

e I

/ T~

T

009

00§ (0[0)7 00€ 00¢ 0ot 0

(w) yInos 01 Yy110U WO} Y3 BHINS 3| SSOJIE AdUEISI]

ovt

0ct

0ot

08

09

or

0¢

(w) ssawyiyi 29|

- 100 -



The distribution of the glacier’s surface area over altitude is graphically represented in figures
5.17 and 5.18 below. The largest surface area between any of the contours lies between the
751 and 800 m contour and has a total area of 0.167 km?. The second largest area of 0.157
km? lies within the contour interval 701-750 m OD. This is primarily the result of the wide
accumulation area of the Mosedale glacier. Overall the surface area between the 50 m
contours of the Mosedale glacier increases from the 551-600 m contour interval to the
maximum altitude of the glacier. Smaller surface areas are found between the lower contour

intervals. This may be a reflection of the topographically induced narrow snout of the glacier.

751-800

701-750

651-700

601-650

551-600

501-550

451-500

401-450

Altitude (m OD)

351-400

301-350

251-300

201-250

151-200

0 0.05 0.1 0.15 0.2

Area(sq km)

Figure 5.17: The distribution of the glacier’s surface area between the 50m ice surface

contour intervals. ELA altitude =534 m OD.

Figure 5.19 below indicates the net balance profile of the glacier in Mosedale which indicates

balanced accumulation and ablation as would be theoretically expected for a glacier under

steady-state conditions.
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Figure 5.18: Hypsometric curve for the Mosedale glacier.
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Figure 5.19: The mass-balance profile of the Mosedale glacier.
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The viability of a glacier can be tested based on the contribution of basal sliding (U,) to overall
glacier motion (U;). Carr (2001) suggested that where U, accounts for > 95 % of the total
glacier flow velocity, U, the glacier exceeds the threshold for a glaciologically viable glacier
under the environmental parameters used in the model. Carr and Coleman (2007) however
suggest that this is a conservative suggestion. Based on observations of contemporary glaciers
Andrews (1972) believe that 10 — 90 % basal motion through sliding at the ELA is more
realisticc.  Consequently, Carr and Coleman (2007) suggest that the threshold for glacier
viability should be reduced to a maximum of 90 % basal motion by basal sliding. Based on the
above calculations, the Mosedale glacier can therefore be considered to have been viable
under steady-state conditions and the temperature parameters on which the model is based.
Since the mean rate of ice deformation at the ELA (m a™) exceeds the mean balance velocity at
the ELA (m a') the glacier is Mosedale believed to have moved purely by internal ice

deformation with basal sliding.
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5.2 Lingmell Beck

Lingmell Beck is a west/north-west facing valley in the south-west Lake District at the northern
end of Wastwater. The valley is dominated by a river system which drains the north-western
side of the Scafell Pike and Great End. At grid reference 213092 the main river of Lingmell
Beck forms at the confluence of two tributaries; one which originates from the most easterly
point of the valley and the other from below Scafell Pike (978 m OD). Below this point the
lower section of the valley descends gently to the flat farmland around Wasdale Head.
Moraines which appear to have undergone extensive fluvial dissection cover the valley walls
along with large quantities of scree. On the northern side of the valley is the summit of Kirk
Fell (802 m OD) which as previously mentioned, is suggested by McDougall (1997) to have
supported a plateau icefield during the Loch Lomond Stadial. The upper section of the valley
has a more north-westerly aspect and shows extensive evidence of fluvial incision in the form
of Piers Gill; a deep zigzagging gill cut into the tuff bedrock. It is also surrounded by some of
the highest ground in the British Isles with the summits of Scafell Pike (978 m OD) and Great
End (910 m OD) directly to the east.

5.2.1 Geomorphology in the valley of Lingmell Beck
Extensive moraines cover the valley floor and walls up to an altitude of ~ 350 m OD. The river
of Lingmell Beck shows clear evidence of having once supported a very high discharge. The
river has thus deposited thick areas of fluvial gravels and cut through moraines which no
longer form complete arcuate ridges across the valley. The majority of these moraines lie
parallel to the long axis of the valley or trend slightly down slope towards the centre of the
valley. This is particularly true of the moraines at lower elevations suggesting that these
moraines formed at the snout of an ice mass topographically confined within the valley. Figure

5.20a below shows the geomorphology of Lingmell Beck.

-104 -



VICTORIA BROWN CHAPTER 5: RESULTS

Great Gable *

19
— OS grid lines Fluvially cut breaks of slope
—— Debris Fan - Water bodies

Recent slope movement Fluvial sediment accumulations
—— Flutes Glaciolfluvial deposits

- Fluvially formed spur crests Glaciolacustrine deposits

Peat filled circular depression Holocene peat
— Rivers/Streams Hummocky moraine
—— Moraines

Figure 5.20a: The geomorphology of Lingmell Beck

A clear morphological change is seen between the moraines in the upper part of the valley and
those further down the valley (see figure 5.20b below). The moraines shown in purple are
much larger in both width and height than those marked in pink. As a consequence, the
moraines in purple have been assigned a pre-Loch Lomond Stadial age in a similar way the

moraines in Mosedale.
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Figure 5.20b: The geomorphology of the valley of Lingmell Beck including the distinction

between Loch Lomond Stadial and pre-Loch Lomond Stadial moraines.

Debris fans on the north side of the lower section of the valley support the suggestion that the
morphological change seen between the moraines is a result of them being formed during
different glacial episodes. It is suggested by Wilson and Smith (2006) that the Lateglacial
Interstadial was a period of intense paraglacial slope activity. Since moraines directly below
Great Gable are found to overrun the debris fans it can be suggested that these fans pre-date

the Loch Lomond Stadial. It can then be assumed that the debris fans further to the west
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below Kirk Fell, which have a similar morphology, are also of Lateglacial age. Given that
moraines are only found around the edges of these debris fans but do not overrun the fans, it
is likely that the moraines pre-date the formation of the debris fans and therefore also the pink
moraines which are suggested to have formed during the Loch Lomond Stadial at the snout of

a small valley glacier (see figure 5.20c below).

Figure 5.20c: The moraines on the eastern side of the valley of Lingmell Beck which formed

at the terminus of the Loch Lomond Stadial glacier

A comparison with the moraines discussed in Mosedale also supports the above suggestion.
The moraines believed to pre-date the Loch Lomond Stadial in Lingmell Beck show very similar
morphological characteristics to those which can be more confidently assigned a pre-Loch

Lomond Stadial age in Mosedale based on stratigraphic evidence (see section 5.1.2).

5.2.2 Loch Lomond Stadial glacier reconstruction in Lingmell Beck
It is concluded that the location of the snout of the Lingmell Beck glacier at its maximum
extent during the Loch Lomond Stadial is marked by the pink moraines shown in figure 5.20b.
These moraines are not only smaller in height and plan but also form more complete across

valley arcuate ridges. The moraines marked in purple, therefore, are suggested to have
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formed pre-Loch Lomond Stadial possibly during the Scottish Readvance or during deglaciation
as ice became confined by topography to the valley. Evidence for varying rock mass strength
along the length of the valley also confirms the smaller moraines as the limit of the Loch
Lomond Stadial glacier. In order to confirm the upslope limit of the glacier near Styhead Tarn,
the work of Pennington (1978) has been discussed and is considered sound evidence on which
to base the glacier limit at this location. Negative evidence is provided by further coring by the
author in Styhead Tarn which did not provide any reason to dispute the work of Pennington
(1978). The glacier was therefore reconstructed based on this evidence, figure 5.21 below

shows the glacier reconstruction.
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Figure 5.21: A reconstruction of the glacier which occupied Lingmell Beck at the north end of

Wastwater during the Loch Lomond Stadial.
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The glacier shown above had a surface area of 2.53 km? and although it is slightly larger than
the reconstruction provided by Sissons (1980) for this valley, the reconstructions show glaciers
of very similar shapes. Compared with the work of Sissons (1980), the glacier reconstructed
here extends slightly higher up into the cirques located on the west side of the Scafell massif.
Three cirques have been identified by Evans and Cox (1995) in this valley, all of which were
occupied by the Lingmell Beck glacier during the Loch Lomond Stadial: Dropping Crag on
Scafell Pike (grade 3), Broad Crag north-west (grade 3) and Broad Crag, Round Hollow (grade
4). It appears unlikely that these cirques were not occupied by ice during the Loch Lomond
Stadial primarily due to their elevations of 305 m, 540 m and 445 m OD respectively on some
of the highest ground in Britain. Although McDougall (1998) did not reconstruct the glaciers in
the south-west Lake District in his plateau icefield model, he did show the tongue of the
Lingmell Beck glacier in his regional plateau icefield reconstruction. It is suggested here that
the reconstruction provided by McDougall (1998) is ambitious, with a tongue which extends
beyond the moraines suggested here to mark the maximum extent of the Loch Lomond Stadial

glacier.

Based on the reconstruction shown in figure 5.21, the ELA of the glacier was calculated using
the methods previously described in section 5.1.3 and are shown in table 5.4 below. The
Lingmell Beck glacier has a very similar ELA to the Mosedale glacier with just 4 m difference
between them suggesting that these two glaciers have similar hypsometry. Both glaciers are
also located in relatively sheltered locations. The lower valley of Lingmell Beck has a fairly
unfavourable aspect with an orientation of 270°. If winds came often from the west, the
ablation zone of the Lingmell Beck glacier in the main valley may often have faced windward.
The accumulation zone of the glacier however had a much more favourable aspect with the
upper portion of the valley facing 335° and surrounded by the highest ground in the region.
Shelter is provided for the accumulation area of the Lingmell Beck glacier by Lingmell Crag to
the west, Scafell Pike (978 m OD) and Ill Crag (935 m OD) to the south, and Great End (910 m

OD) to the east.
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Area (km?)
Long axis length (m)
Max altitude (m OD)
Min altitude (m OD)
Mid-altitude (m OD)
Lowest cirque
Name
Altitude (m OD)
Grade (according to Evans and Cox, 1995)
Altitude of highest lateral moraine (m OD)
Toe to head altitude ratio method (THAR) (m OD)
35%
40%
45%
50%
Accumulation area ratio method (AAR) (m OD)
70%
65%
60%
55%
50%
Area weighted mean altitude method (AWMA) (m OD)

Balance ratio method (Benn and Gemmell, 1997) (m OD)

BR=2.00
BR=1.81
BR=1.60
BR=1.54
BR=1.43
Balance ratio method (Osmaston, 2005) (m OD)
BR=2.00
BR=1.81
BR=1.60
BR=1.54
BR=1.43
ean value of all of the above methods (m OD)

ean value of BR=1.54 (Benn and Gemmell, 1997), AAR
5% and AWMA (m OD)

LA used in subsequent calculations (m OD)

Lingmell Beck
2.53
2731.75
886.12
158.41
522.00

133. Broad Crag, Round How
720
4
612.06

413.11
449.49
485.88
522.00

474.00
482.00
490.00
505.00
554.00
558.00

536.68
541.14
546.76
548.54
551.86

516
522
530
535
537
519.55

529.51

530

Table 5.4: ELA calculations and dimensions of the glacier occupying Lingmell Beck during the

Loch Lomond Stadial.

5.2.3 The influence of snowblow on glacier development/maintenance

As previously noted, the topography which surrounds a valley can have a significant effect on

the ability of a glacier to survive under a given set of environmental parameters.

morphology of the local topography dictates the areas which have the potential for snowblow.
Ground surrounding the accumulation area of the Lingmell Beck glacier which had the

potential to contribute mass to the glacier via snowblow has been identified using the criteria

outlined in section 5.1.4 and is shown in figures 5.22 and 5.23 below.
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Figure 5.22: The snowblow areas associated with the Lingmell Beck glacier. The ELA of the
glacier has been calculated at 530 m OD and is marked with a dark blue line above. The
snowblow sectors shaded in grey indicate the snowblow area lying within the southern

sector (135-225°).

-112 -



Figure 5.23: Polar plot of snowblow area with area-weighted 15° sector lengths.

Although no particular sector contains a significantly larger snowblow area, each of the SW, SE,
S and W sectors contain ground with the potential to contribute mass to the glacier via
snowblow. This is unusual amongst the glaciers considered in this project and is potentially

significant since these quadrants are most likely to contain ground windward of the glacier.

Corresponding snowblow factors for each of the 90° quadrants: NW, SW, SE, NE, W and S,
were then calculated and are shown in table 5.5 below. As expected the snowblow factors
reflect the fact that potential snowblow area is located predominantly in the SW, S and SE
qguadrants. As with the Mosedale glacier, the highest snowblow factor is calculated for the S

guadrant and the second highest factor for the SW quadrant.
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Glacier name Lingmell Beck
Glacier area (km?) 2.53
Total snowblow area (km?) 0.93
Enowblow area by 90° quadrants expressed as a percentage of the total
nowblow area (%)
NE (0-90°) 9.97
SE (91-180°) 46.72
SW (181-270°) 43.32
NW (271-360°) 0
S (135-225°) 56.25
W (226-315°) 13.65
Snowblow factor by 90° quadrants
NE (0-90°) 1.99
SE (91-180°) 43
SW (181-270°) 4.14
NW (271-360°) 2.61
S (135-225°) 4.72
W (226-315°) 232
ean snowblow factor 3.35
atio of snowblow area to glacier area 0.37

Table 5.5: Snowblow areas and snowblow factors identified around the Lingmell Beck

glacier using the criteria outlined in section 3.1.4.

5.2.4 Glacier dynamics in Lingmell Beck
The viability of the reconstructed glacier has again been assessed by applying the numerical
model outlined above. The results of this model are shown below in table 5.6 and a cross
sectional profile along the long axis of the glacier in figure 5.24. A required basal motion of
22.09 % suggests that the proposed Lingmell Beck glacier is glaciologically viable.
Furthermore, a large proportion of glacier motion in Lingmell Beck occurred by internal ice

deformation with a much smaller contribution from basal sliding.
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Lingmell Beck
ELA (m) 530.00
Temperature proxy used Coope and Joachim (1980) St Bees Head
Proxy site altitude (m OD) 0.00
T at proxy site (°C) 8.25
Temp. at ELA {0.0065°C/m lapse rate) 4.80
Degrees surface slope at ELA 21.60
Max ice thickness at ELA (m) 138.75
Glacier shape factor 0.86
Normal stress at centre point of ELA (bars) 5.11
Ablation gradient at ELA (mm/m) 6.08
Mass loss at ELA (ma-1) 2.27
Net Ablation {(m® w.e.) 902,648.35
Mass flux (m?® ice) 991,921.26
Cross sectional area at ELA (m?) 71,110.14
Perimeter of bed at ELA (m) 1,474.59
Mean balance velocity at ELA (ma™) 12.69
Basal shear stress at ELA (bars) 0.89
Max ice deformation velocity at ELA (ma™) 39.90
Average ice deformation velocity at ELA {ma™) 9.92
Required basal motion {ma™) 2.77
Required basal motion (%) 21.83

Table 5.6: Reconstructed steady-state dynamics and flow characteristics of the glacier

occupying Lingmell Beck during the Loch Lomond Stadial.
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Figure 5.24: A cross sectional profile along the long axis of the Lingmell Beck glacier.

The cross sectional profile across the ELA of the Lingmell Beck glacier can be seen below in
figure 5.25. The thickest ice at the ELA is 140.75 m near the centre of the glacier and, as
expected, is associated with the highest basal shear stress of 2.55 bars at any point across the

ELA and the highest basal velocity of 41.03 m a™.
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Figure 5.26 below shows the distribution of the glacier’s surface area over altitude. The largest
surface between any of the contours lies between the 450 and 500 m contour and has an area
of 0.609 km?®. This contrasts with the distribution of the surface area of the Mosedale glacier
over altitude where the largest surface areas are found at higher altitudes within the
accumulation area of the glacier. The reason for the large surface area near the altitude of the
ELA is due to change in orientation of the valley topography. The distribution of the glacier’s
surface area over altitude is also illustrated in the hypsometric curve shown in figure 5.27 and

the net balance profile in figure 5.28.
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Figure 5.26: The distribution of the glacier’s surface area between the 50 m ice surface

contour intervals. ELA =530 m OD.

-118 -



VICTORIA BROWN CHAPTER 5: RESULTS

110

100

90

80
70
60
50
40

30 \

20 \

; \

T T T T T T T T 1

0 100 200 300 400 500 600 700 800 900
Altitude (m OD)

Cumulative surface area of glacier (%)

Figure 5.27: Hypsometric curve for the Lingmell Beck glacier.
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Figure 5.28: The mass-balance profile of the Lingmell Beck glacier.
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5.3 Lingmell Gill

Lingmell Gill is located to the south of Lingmell Beck on the south side of Lingmell Crag. It is
surrounded by Scafell Pike (978 m OD) to the west and Sca Fell (964 m OD) to the south. Steep
crags are found along the southern edge of the valley facing north, and below Scafell Pike
facing directly west. The valley is ~ 2.5 km long from the steep headwall to the point where it
reaches the flat glaciolacustrine deposits at GR: 185074. The river of Lingmell Gill descends
steeply from Lingmell Crag and Hollow Stones to form a confluence, below a large spur before

eventually reaching Wastwater.

5.3.1 Geomorphology in the valley of Lingmell Gill
Although moraines are present throughout the whole length of the valley, moraines in the
upper section of the valley are much more closely spaced. Moraines in the upper part of the
valley also possess linearity in a variety of directions however they predominantly trend down
valley rather than across valley. Moraines such as these which show variable orientations have
been classified as ‘hummocky’ moraine in figure 5.29a. This classification reflects not only
their orientations but also their subdued nature and apparent ‘chaotic’ arrangement when

viewed from the ground.

Clear lateral moraines are visible on the south side of the valley below Lords Rake and
Rakehead Crag. The lateral moraines follow the long axis of the valley and trend east to west
before curving north towards the centre of the valley. In contrast the north side of the valley is
virtually devoid of moraines and therefore provides little evidence as to the maximum extent
of the Loch Lomond Stadial glacier in the valley. This can be explained by the large amount of
fluvial incision that appear to have occurred post-glacially and thus destroyed any moraines
that may have been present. The result of this incision is the large spur (crestline marked in

light blue) which dominates the central upper section of the valley.
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Figure 5.29a: The geomorphology of Lingmell Gill.

Moraines in the lower section of the valley show different morphological characteristics to
those at higher elevations. The moraines shown in purple in figure 5.29b are much larger and
sparser than those in the upper section of the valley and as a consequence these moraines are
believed to represent glaciation during a different glacial episode to that represented by the
moraines in the upper section of the valley. Sedimentological evidence in Mosedale and rock
mass strength evidence in Lingmell Beck supports this assumption in nearby locations.
Consequently, the similar morphological change seen in the moraines in Lingmell Gill is
considered to represent the same phenomenon with the moraines in the upper section of the

valley (shown in pink) formed during the Loch Lomond Stadial and those in the lower section
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of the valley (shown in purple) formed during an earlier glacial phase, possibly the Scottish

Readvance.

18 19 20 21

—— OS grid lines Fluvially cut breaks of slope
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—— Recent slope movement B Water bodies

—— Flutes Fluvial sediment accumulations
Fluvially formed spur crests Glaciolfluvial deposits
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—— Rivers/Streams Holocene peat
—— LLS moraines Hummocky moraine

Figure 5.29b: The geomorphology of the valley of Lingmell Gill including the distinction

between Loch Lomond Stadial and pre-Loch Lomond Stadial moraines.
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5.3.2 Loch Lomond Stadial glacier reconstruction in Lingmell Beck
The maximum down-slope limit of the Loch Lomond Stadial glacier is therefore believed to
have been located along the crest of the outermost pink moraine shown in figure 5.29. Based
on the geomorphology shown in figure 5.29 the glacier was reconstructed and is shown below

in figure 5.30.

The glacier shown in figure 5.30 had a surface area of 1.04 km? and occupied the grade 1
cirque of Hollow Stones near Scafell Crag. As with the Mosedale glacier, a broad accumulation
area fed into a narrow ablation area as a result of the surrounding topography. The glacier
reconstructed by Sissons (1980) in Lingmell Gill has a surface area of 0.30 km? 0.74 km?
smaller than the reconstruction shown below. This increase in surface area is seen around the
entire perimeter of the glacier reconstructed by Sissons (1980). The size increase means that
the Lingmell Gill glacier was the 16th largest glacier in the Lake District during the Loch
Lomond Stadial based on the size of the 64 glaciers reconstructed by Sissons (1980). This is an
increase from the 43rd largest glacier based on the reconstruction provided by Sissons (1980)
for the Lingmell Gill glacier. This area has not been mapped by any authors subsequent to

Sissons (1980) including McDougall (1998).

Colalescent ice over Lingmell Coll may be assumed plausible give the local topography
however, cosmic ray exposure dates from Lingmell Coll provided by Ballantyne (pers. comm.)
indicate that the col was ice free during the Loch Lomond Stadial. Although these dates which
are presented below are not conclusive, partially due to their wide error margins, they are
consistent with the glacier reconstructions presented in the thesis for Lingmell Beck and
Lingmell Gill which indicate that Lingmell Col was ice free during the Loch Lomond Stadial. All
dated samples were obtained from lavas and were taken from the crests of outcrops or

boulders in order to minimise the possibility of former sediment, peat or snow cover.
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Figure 5.30: A reconstruction of the glacier which occupied Lingmell Gill at the north end of

Wastwater during the Loch Lomond Stadial.
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Widespread deglaciation of the Lake District occurred during the Windermere Interstadial of ~
15.4-12.9 cal ka BP with the Wasdale trough being deglaciated ~ 20 + 1.4 ka BP. Lamb and
Ballantyne (1998) suggest that the summits of the Scafell range sat above the Late Devensian
ice sheet at the Last Glacial Maximum as nunataks. These nunataks are also believed to have
been located above the maximum altitude of the Loch Lomond Stadial cirque/valley glaciers in
Lingmell Beck and Lingmell Gill. Exposure dates on the col between the glaciers in Lingmell
Beck and Lingmell Gill of 13.2 + 2 ka BP and 17.3 + 1.1 ka BP are provided by Ballantyne (pers.
comm.) (see locations 7 and 8 on figure 5.31 below). The samples from which these dates
were obtained were collected from ice-abraded but pitted bedrock surfaces on Lingmell Col.
The variation between these two dates can be explained by assuming that the site from which
the younger age was obtained was covered with sediment until it was removed by erosion
around 13.2 + 2 ka BP. This suggestion is supported by a **C date from a lacustrine sequence
at Blelham Bog 16 km south- east of Scafell Pike which indicates a rapid warming at the start of
the Windermere Interstadial ~ 13.0 **C ka BP (~ 15.5 cal ka BP). Additionally, Brook and Birks
(2000) indicate that a July temperature increase of 5.5°C occurred around 14.4 ka BP. It is
therefore highly unlikely that ice persisted across the col until as late as 13.2 + 2 ka BP in such

conditions.

These dates therefore confirm that erosion by the Late Devensian ice sheet occurred up to an
altitude of 765 m OD with the older of the two ages suggesting that Lingmell Col emerged from
downwasting ice on the col between 18.4 and 16.2 ka BP (95 % confidence). This confirms that
the col was not occupied by ice during the Loch Lomond Stadial. Furthermore, exposure dates
within the limits of the Lingmell Gill glacier (locations 9 and 10 on figure 5.31 below) of 35.1
2.3 ka BP and 12.5 + 0.8 ka BP are provided by Ballantyne (pers. comm.). These dates were
obtained from samples taken from the crests of large, angular boulders. The older of the two
dates pre-dates the Last Glacial Maximum and is therefore invalid in the determination of the
post-Last Glaciation Maximum ice occupation of the gill. The latter however is consistent with
a Loch Lomond Stadial age for the last occupation of the gill by glacial ice. It is suggested
therefore that the latter age indicates that the source rock was newly-exposed at the time of
detachment and glacial transport. This evidence confirms that the glaciers in Lingmell Beck
and Lingmell Gill remained independent of each other during the Loch Lomond Stadial and did

not coalesce across Lingmell Col.
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Figure 5.31: The location of cosmic ray dating sites provided by Ballantyne (pers. comm.) for

the south-west Lake District around the Scafell range.

The ELA of the Lingmell Beck glacier was then calculated using the methods outlined in section

5.1.3 and the results of these calculations are shown below in table 5.7.
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Lingmell Gill

Area (km?) 1.04
Long axis length (m) 1393.39
Max altitude (m OD) 943.72
Min altitude (m OD) 338.99
Mid-altitude (m OD) 641.00
Lowest cirque
Name 131. Hollow Stones, Scafell Crag
Altitude (m OD) 580
Grade (according to Evans and Cox, 1995) 1
Altitude of highest lateral moraine (m OD) 491.01
Toe to head altitude ratio method (THAR) (m OD)
35% 550.65
40% 580.88
45% 611.12
50% 641.50
IAccumulation area ratio method (AAR) (m OD)
70% 668.00
65% 692.00
60% 704.00
55% 710.00
50% 715.00
Area weighted mean altitude method (AWMA) (m OD) 690.30

Balance ratio method (Benn and Gemmell, 1997) (m OD)

BR=2.00 593.59
BR=1.81 598.61
BR=1.60 604.65
BR=1.54 606.49
BR=1.43 610.02
Balance ratio method (Osmaston, 2005) (m OD)
BR=2.00 653
BR=1.81 659
BR=1.60 666
BR=1.54 668
BR=1.43 672
Mean value of all of the above methods (m OD) 637.42
Mean value of BR=1.54 {Osmaston, 2005), AAR 65% and 662.93
AWMA (m OD) '
ELA used in subsequent calculations {(m OD) 683

Table 5.7: ELA calculations and dimensions of the glacier occupying Lingmell Gill during the

Loch Lomond Stadial.

The ELA of the proposed Lingmell Gill glacier is ~ 150 m higher than both the ELAs of the
Mosedale and Lingmell Beck glaciers. This is a reflection of the higher altitudinal range over
which this glacier is spread, for example, the minimum altitude of the Lingmell glacier is 389 m
OD compared with 178 m OD for the Mosedale glacier and 158 m OD in Lingmell Beck. The
minimum altitude of the glaciers can be related to the glacier aspect. The Lingmell Gill valley
faces directly west and the occurrence of south to south-westerly winds during the Stadial

makes this a relatively unfavourable aspect for glacier development. Furthermore, although
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the highest ground in the Lake District lies to the east of the glacier, little shelter is provided by
the surrounding topography to the south of the glacier. The result of this lack of shading is
that the glacier was unable to extend to lower altitudes as this would have placed the glacier in
negative mass balance where ablation is too great to maintain the glacier in steady-state

conditions.

5.3.3 The influence of snowblow on glacier development/maintenance
It is possible for a glacier to be maintained in an unfavourable location e.g. on the windward
side of a mountain range, by the input of snow from sources other than direct precipitation.
One such source is snow which blows onto the accumulation area of a glacier from nearby
unglaciated terrain. The areas surrounding the Lingmell Gill glacier with the potential to
contribute mass to glacier through snowblow were identified using the criteria outlined in

section 5.1.4 and are shown in figures 5.32 and 5.33 below.
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Figure 5.32: The snowblow areas associated with the Lingmell Gill glacier. The ELA of the
glacier has been calculated at 684 m OD and is marked with a dark blue line above. The
snowblow sectors shaded in grey indicate the snowblow area lying within the southern

sector (135-225°).
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Figure 5.33: Polar plot of snowblow area with area-weighted 15° sector lengths.

The largest snowblow areas are found within the SE and S sectors. Crucially, the SW sector
contains very little terrain with the potential for snowblow and may again be used to explain
the high ELA of this glacier. Snowblow factors associated with these snowblow areas are

shown below in table 5.8.
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Glacier name
Glacier area (km?)
Total snowblow area (km?)
[snowblow area (%)
NE (0-90°)
SE (91-180°)
SW (181-270°)
NW (271-360°)
S (135-225°)
W (226-315°)
Snowblow factor by 90° quadrants
NE (0-90°)
SE (91-180°)
SW (181-270°)
NW (271-360°)
S (135-225°)
W (226-315°)
[Mean snowblow factor

Ratio of snowblow area to glacier area

Lingmell Gill
1.04

1.55

Snowblow area by 90° quadrants expressed as a percentage of the total

27.31

57.81

14.55

0.34

62.15

0

5.12

7.46

3.74

0.57

7.73

0

4.10

1.49

using the criteria outlined in the text.

Loch Lomond Stadial.

-131-

Table 5.8: Snowblow areas and snowblow factors identified around the Lingmell Gill glacier

As with Mosedale and Lingmell Gill the largest snowblow factors are associated with the
southern quadrant indicating that this quadrant had the greatest potential to contribute mass
to the glacier through snowblow. This is interesting given the prevailing wind direction during
the Stadial, and may suggest that snowblow played a crucial role in the maintenance of the

Mosedale, Lingmell Beck and possibly Lingmell Gill glaciers presented in this chapter during the

The ratio of the snowblow area to glacier area should also be noted. Of the three glaciers in
this chapter Lingmell Gill has the highest snowblow to glacier area ratio of 1.49. Mosedale
then follows with a slightly lower ratio of 1.24; however, a substantially lower ratio of 0.37 was

calculated for the Lingmell Beck glacier. This suggests that snowblow may have been a less




significant contributor of mass to the Lingmell Beck glacier than to the glaciers in Mosedale or

Lingmell Gill.

5.3.4 Glacier dynamics in Lingmell Gill
The required basal motion for the Lingmell Gill glacier was calculated as 0 % thus implying that
the glacier moved purely by internal ice deformation rather than basal motion (basal sliding or
subglacial deformation). Despite this the glacier has been proven to be viable using the model
outlined in section 5.1.4. Further results of this model are shown below in table 5.10 along

with a cross sectional profile along the long axis of the glacier in figure 5.34.

The proposed Lingmell Gill glacier maintained a stable ice thickness throughout with just a
small amount of thinning towards the snout. The bed of the glacier is smooth when compared
with that of Lingmell Beck showing no evidence of rock steps or protruding bedrock. This can
be compared to the cross sectional profile of the ELA shown in figure 5.35 below. Again the
glacier bed across the ELA appears relative smooth forming a clear ‘U’ shape with just one
significant step slightly north of the centre point of the ELA. A maximum ice thickness of 123
m is attained at the ELA, slightly south of the centre point of the ELA. This is very similar to the
maximum ice thickness in Mosedale of 120 m, and just slightly less than that of the Lingmell
Beck glacier (139 m). The result of this ice thickness is a basal shear stress (BSS) of 1.67 bars.
This BSS is lower than that calculated in Mosedale (2.06 bars) where the ice surface slope is
higher than Lingmell Gill and substantially higher than that of Lingmell Beck (0.89 bars),

reflecting the lower ice surface slope (table 5.9 below).
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Lingmell Gill
ELA (m) 683.00
Temperature proxy used Coope and Joachim (1980) St Bees Head
Proxy site altitude (m OD) 0.00
T, at proxy site (°C) 8.25
Temp. at ELA {0.0065°C/m lapse rate) 3.81
Degrees surface slope at ELA 19.62
Max ice thickness at ELA (m) 123.22
Glacier shape factor 0.63
Normal stress at centre point of ELA (bars) 10.72
Ablation gradient at ELA (mm/m) 5.08
Mass loss at ELA (ma-1) 1.90
Net Ablation (m® w.e.) 268,676.90
Mass flux (m? ice) 295,249.34
Cross sectional area at ELA (m?) 75,472.62
Perimeter of bed at ELA (m) 996.92
Mean balance velocity at ELA (ma™) 3.56
Basal shear stress at ELA (bars) 1.67
Max ice deformation velocity at ELA (ma™) 34.98
Average ice deformation velocity at ELA (ma™) 19.57
Required basal motion {ma™) 0.00
Required basal motion (%) 0.00

Table 5.9: Reconstructed steady-state dynamics and flow characteristics of the glacier

occupying Lingmell Gill during the Loch Lomond Stadial.
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Figure 5.34: A cross sectional profile along the long axis of the Lingmell Gill glacier.
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The distribution of the glacier’s surface area over altitude is shown below in figures 5.36 and
5.37 with the largest surface area of 0.39 km? found between 700 and 750 m OD. This is a
reflection of the wide accumulation area of the glacier in this region. Furthermore, the
reconstructed net accumulation/ablation values across the glacier are shown in figure 5.38
below and once again indicate balanced accumulation and ablation for the Lingmell Gill glacier

when under steady-state conditions.
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Figure 5.36: The distribution of the glacier’s surface area between the 50 m ice surface

contour intervals. ELA = 683 m OD.
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Figure 5.37: Hypsometric curve for the Lingmell Gill glacier.
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Figure 5.38: The mass-balance profile of the Lingmell Gill glacier.
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5.4

Summary

The geomorphology mapped has been used to identify the limits of LLS ice masses in
Mosedale, Lingmell Beck and Lingmell Gill.

The ELAs of the reconstructed ice masses have been used in the identification of
potential snowblow areas and subsequent calculation of snowblow factors.

The 2D mass balance model adapted from Carr and Coleman (2007) indicates that the
reconstructed ice masses are glaciologically viable requiring 0%, 21.83% and 0% basal

motion respectively.
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UPPER ESKDALE,

RED TARN/WRYNOSE
BOTTOM AND
WIDDYGILL FOOT

-139-



6: UPPER ESKDALE, RED TARN AND WIDDYGILL FOOT

6.1 Upper Eskdale

Upper Eskdale is a large south facing valley in the south-west Lake District and at ~ 8 km long,
is the largest valley to be considered in this study. The valley lies to the east of the Scafell
massif and is surrounded by Scafell Pike (978 m OD), Great End (910 m OD) to the west and
Bow Fell (902 m OD) and Crinkle Crags to the east. The upper section of the valley supports
two rivers; the River Esk which drains the Scafell massif and Lingcove Beck which drains Bow
Fell and Crinkle Crags to the east. These two rivers meet below Throstle Garth and continue

flowing south-west as the River Esk.

6.1.1 Geomorphology in the valley of Upper Eskdale
Moraines are present throughout the entire length of Upper Eskdale from just below Esk Pike
at the northern end of the valley to Dalegarth Station at the southern end of the valley and
beyond. At the northern end of the valley two areas of thick drift have accumulated between
the confluence of the streams. Fluvial incision has resulted in steepened riverside slopes
however despite this prominent crest lines are present running principally north to south along
the valley sides. This trend is continued further south where moraines with clear crest lines
run parallel to the River Esk along the eastern edge of an area of more subdued moraine
shown in green in figure 6.1a below. To the west of the River Esk, extensive talus covered
slopes grade into a much flatter area of subdued ‘hummocky’ moraine and the peat bog of
Great Moss. Moraines are more sparse to the west of the river with just a limited number of
boulder covered moraines which, again, grade into the flat valley bottom. At the southern end
of Great Moss linearity orientation in the moraines becomes more chaotic and hence the label
‘hummocky’ moraine. Moraines in this area lie on the northern side of a northward dipping
slope where drift cover is believed to be locally variable based on the presence of several
bedrock exposures. Drift also thins against the rising ground and consequently the southern
ends of some of these moraines are poorly defined. To the south-west of Great Moss (GR:
218049), an area of moraines with a north-west to south-east orientation is found. These
moraines, which were not mapped by Wilson (2004), possess distinct crest lines which can be
seen from Great Moss and sharp basal breaks of slope. It is suggested that these moraines

once marked the lateral margin of a glacier occupying Upper Eskdale.
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Figure 6.1a: The geomorphology of Upper Eskdale.

OVERSIZE FIGURE APPEARS AT END OF THESIS
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A small number of flutes are seen interspersed between these moraines and are suggested to
represent the active removal of ice from the area following the Loch Lomond Stadial. The
lateral margin of the ice on the eastern side of the valley is also marked by moraines which
show considerable linearity in an east to west orientation in the vicinity of GR: 236040. An
area of ‘hummocky’ moraine has also been identified in this area in order to acknowledge the
presence of the randomly orientated moraines and moraine mounds with little or no linearity
which cannot be satisfactorily shown using crestlines. As with the moraines along the River
Esk below Scafell Pike, suites of moraines in Lingcove Beck also show linearity parallel to the

stream and down-valley oblique to the valley’s long axis.

South of the confluence of Lingcove Beck and the River Esk, no lateral moraines are seen.
Heavily talus covered slopes fed by steep overlooking cliffs instead cover the slopes of the
lower valley. At GR: 221028 however lateral moraines are once again present. To the south of
this moraine a group of more arcuate moraines trending obliquely down-valley is present.
Unlike the moraines further north, these moraines are largely devoid of surface boulders and
display much sharper basal breaks of slope. Moraines in this area do not form complete
across-valley ridges. It is suggested that this is the result of high post-glacial discharges in the
River Esk which have cut through the moraines. Evidence for this is clear, firstly, a number of
river terraces are found in the area which when correlated across the valley indicate that the
river may have been significantly wider than at present. Secondly, coring amongst the
moraines at the southern end of Upper Eskdale indicates that the current farmland is

underlain by a substantial layer of gravel assumed to be of fluvial origin (figure 6.1).

Beyond the arcuate moraines in the vicinity of grid square (GS) 2102, moraine morphology
becomes much more subdued with basal breaks of slope becoming much more gradual.
Moraines are also seen to grade into the nearby hillside and are once again heavily boulder
covered. A clear morphological change is therefore seen between the moraines in GS 2102
and those further to the south. It is therefore concluded that the two suites of moraines were
formed under different environmental conditions. Wilson (2004) suggests that the moraines in
GS 2102 and those further north are likely to have been formed during the Loch Lomond
Stadial or during the latter stages of the Dimlington Stadial with the moraines further south

being older.

Manley (1959) was the first to recognise that moraines were present in Upper Eskdale.
Manley (1959) suggests that two independent ice masses were present in Upper Eskdale, one

below Scafell Pike in Great Moss and the other slight smaller ice mass in Lingcove Beck below
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Bow Fell. The ice mass in Great Moss was therefore believed to have been the second largest
ice mass in the Lake District during the Loch Lomond Stadial and had an ELA of between 580
and 610 m OD (Manley, 1959). Neither Sissons (1980a) nor Pennington (1978) however
included the south facing valley of Eskdale as a site that nourished a Loch Lomond Stadial
glacier. It is important to note that the south facing aspect of this valley and the consequent
unfavourable conditions that the valley is likely to have experienced during the Loch Lomond
Stadial may be the reason why no further study of the valley was published until the work of
Wilson (2004). Until recently therefore, it was believed that the debris accumulations found at
the southern end of upper Eskdale were the products of pronival snowbed processes. Wilson
(2004) however is able to rule this out by noting the presence of bedrock exposures on the
west side of the river Esk. In the absence of absolute dates on the majority of moraines within
the Lake District much of the work done in the region remains speculative and consequently
the use modern dating techniques such as cosmogenic radionuclide dating is imperative.
Wilson (2004) states that if dates were available to unquestionably link the moraines in
Eskdale to the Loch Lomond Stadial then the glacier there would have been 6.7 km along its
longest axis. Since five cirques have been identified on the eastern side of the Scafell massif by
Evans and Cox (1995), two of which have the highest altitudes of any in the Lake District ‘it is
extremely unlikely that these remained empty during the Loch Lomond Stadial given their
favourable aspects and proximity to the highest and wettest ground in the region’ (Wilson,

2004, p. 59).

As a result of time constraints, it was not possible to obtain absolute dates on the moraines at
the southern end of Upper Eskdale. Instead the model outlined in chapter 4 was applied to
the reconstructed glacier that occupied Upper Eskdale to test its viability. In order to provide a
reconstruction on which to base the model, the moraines in GS 2102 were assumed to be of
Loch Lomond Stadial age. Figure 6.1b below indicates the respective glacial episodes to which

the moraines are suggested to belong.

The nearby valley of Moasdale joins to the eastern side of the valley of Upper Eskdale across a
saddle area. The moraines in this valley are shown in figure 6.1b below and show linearity at ~
45° to the long axis of the valley. At the southern end of Moasdale a cluster of moraines is
found with moraines showing linearity in varying directions. Throughout the valley the
moraines appear relatively subdued with shallow basal breaks of slope as a result of post-
glacial sediment accumulation. Similarly the crest lines of the moraines are much more
rounded than those in nearby Upper Eskdale. The moraines in Moasdale are also much

shorter and linear than those in Upper Eskdale.
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The configuration of the Upper Eskdale glacier shown in figure 6.3 may suggest that meltwater
would need to flow down Moasdale. There are two problems with this assumption. Firstly,
the meltwater would need to flow slightly uphill in order to breach the saddle between
Lingcove Beck and Moasdale and, secondly, there is no evidence of meltwater flow in
Moasdale i.e. meltwater channels. If the first of these problems is assumed to have been
overcome i.e. the ice margin was slightly higher up the saddle on the Lingcove Beck side or the
saddle was slightly lower during the LLS as a result of Holocene peat accumulation, then the
latter can be overcome by simply assuming that meltwater produced at this margin occupied
the present day bedrock channel when flowing down Moasdale. As a consequence meltwater

channels would not have formed in Moasdale.

In Upper Eskdale, south of Bow Fell, to the east of Lingcove Beck, moraines also run parallel to
the long axis of the valley. They are therefore interpreted as lateral moraines formed at the
eastern margin of the Loch Lomond Stadial glacier in Upper Eskdale. Given then these
moraines mark the maximum extent of the Loch Lomond Stadial glacier, then the moraines in
Moasdale must orginate from a pre-Loch Lomond Stadial glacial phase. The possibility of
Moasdale supporting an independent ice mass during the Loch Lomond Stadial is also ruled
out. There are two lines of evidence to support this. Firstly, the plan of the moraines at the
southern end of the Moasdale valley, or indeed further north, does not indicate the present of
a glacier terminus with across valley arcuate ridges. In order for a glacier in the valley to be a
similar magnitude to those in the nearby valleys, a terminus within the valley or around its
southern margin would be expected. Furthermore, the shallow topography at the upper end
of Moasdale means that the valley does not have a suitable area for initial accumulation and

glacier development. This is compounded by the southerly aspect of the valley.
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Figure 6.1b: The geomorphology of Upper Eskdale indicating the glacial
episode during which moraine formation occurred.

OVERSIZE FIGURE APPEARS AT END OF THESIS
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6.1.2 Sedimentological evidence in Upper Eskdale
Coring in Great Moss at the northern end of Upper Eskdale reached a depth of 2.5 m. The
location of the coring site is indicated on figures 6.1a and b. As shown in figure 6.2 below, the
core collected contained peat to a depth of 2.4 m with the lower section found to contain 38 %

sand and be classified as a very fine sand (20.4 %).

Sand Gravel: 0.0%
Sand: 38.0%
Mud: 62.0

Very Coarse Gravel: 0.0%
Coarse Gravel: 0.0%
Medium Gravel: 0.0%

Fine Gravel: 0.0%
Very Fine Gravel: 0.0%
Very Coarse Sand: 0.0%
Coarse Sand: 0.0%
Medium Sand: 0.0%
Fine Sand: 17.5%
Very Fine Sand: 20.4%
Very Coarse Silt 19.0%

Clayey Sand Silty Sand

Sand %

50%

. Coarse Silt: 11.9%
3 Medium Silt: 9.9%
Fine Silt: 7.6%
Sandy Clay Sandy Mud Sandy Silt . .
Very Fine Silt 5.2%
Clay: 8.3%

10"

/A B W\

Clay - Silt

Silt:Clay Ratio
Figure 6.2: Particle size analysis using a laser granulometer classifies 20.4 % of the samples

taken from the base of the Great Moss core as a very fine sand.

Based on particle size analysis, this sample can therefore be related to the base of unit 1 of the
core obtained from Mosedale (see figure 6.3) which contains 23.7 % sand and is classified as a
very coarse silt. Although this conclusion is tentative, it is unlikely that the sediment at the
base of the Great Moss core correlates with any of the lower units in the Mosedale core (units
2 to 5). This is because the clay content of the core increases with depth and therefore
increasing beyond the clay content of the sediment found in Great Moss. The sediment found
at the base of the Great Moss core therefore probably accumulated during the early Holocene.
Unfortunately it is not possible to establish whether a glacier did or did not occupy Great Moss
during the Loch Lomond Stadial based on this evidence. Negative evidence, such as this,
however, is taken to support the suggestion that Great Moss, and thus the rest of Upper
Eskdale, was occupied during the Loch Lomond Stadial by a valley glacier. It should be noted
that in terms of depth, the base of the Great Moss core at 2.5 m lies above the top of the
Mosedale core. If the rate of peat formation in both valleys has been similar, the base of the

Great Moss core is considered to represent only Holocene sedimentation with the base of the
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core not extending further back in time than ~ 10ka BP. This may also indicate that peat in
Great Moss has had a lesser amount of time to accumulate, thus supporting the suggestion
that the valley was occupied by glacier ice during the Loch Lomond Stadial. In order to be
more conclusive, absolute dates (e.g. **C) and/or the use of more substantial coring equipment

which could reach greater depths in the bog are needed.

6.1.3 Loch Lomond Stadial glacier reconstruction in Upper Eskdale
The glacier believed to have occupied Upper Eskdale during the Loch Lomond Stadial is shown
below in figure 6.3. The proposed glacier has a surface area of 13.05 km? and is therefore
significantly larger than any of the glaciers reconstructed by Sissons (1980) for the same
period. The largest glacier reconstructed by Sissons (1980) is the Langstrath glacier which had
a surface are of 5.36 km?: less than half the size of the proposed Upper Eskdale glacier. In
contrast, the plateau icefield reconstruction provided by McDougall (1998) covered an area of
79.79 km? including 55 km? of that forming the plateau icefield system around High Raise. A
further 7 km?, 3 km? and 1 km? then formed the plateau icefields on Grey Knotts/Brandreth,
Dale Head and Kirk Fell respectively. A simple comparison of these areas suggests that should
the occupation of Upper Eskdale by the glacier shown in figure 6.3 be proven it is likely that it
coexisted alongside a regional glaciation of a magnitude closer to that of McDougall (1998)

rather than that of Sissons (1980).
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The above reconstruction includes the occupation of five glacial cirques on the eastern side of
the Scafell massif: Tom Fox’s Crag, Slight Side (grade 3), Grencove Wyke, Scafell (grade 4),
Foxes Tarn, Scafell (grade 4), How Beck, Scafell (grade 3) and Little Narrowcove, Scafell (grade
3). As noted by Wilson (2004) it is unlikely that these cirques, which lie on the highest ground
in the Lake District, remained unoccupied during the Loch Lomond Stadial. Evans (pers. com.)
notes that ice flowing out of these cirques into the floor of Eskdale, throughout much of the
Loch Lomond Stadial, would explain the absence of terminal moraines in How Beck and

Greencove Wyke.

It is also suggested that ice in Upper Eskdale coalesced with that in Langstrath and Grains Gill
with ice divides situated over the saddle areas between Bow Fell and Esk Pike, and, Esk Pike
and Great End. The terminus of the Upper Eskdale glacier shown above is situated alongside
the moraines considered by Wilson (2004) and believed here to have been produced during
the Loch Lomond Stadial. The ELA of the glacier shown in figure 6.3 was calculated using the
methods outlined in chapter 3. An ELA of 484 m was calculated for the Upper Eskdale glacier
(see table 6.1). This is the lowest ELA of the four glaciers considered thus far by a margin of
over 50 m. This is a reflection of the high altitude attained in the accumulation area and the
consequent low altitude of the terminus when compared to glaciers such as Mosedale or

Lingmell Gill.
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Upper Eskdale

Area (km?) 13.05
Long axis length (m) 6611.44
Max altitude (m OD) 948.53
Min altitude (m OD) 113.29
Mid-altitude (m OD) 531.00
Lowest cirque
Name 129. How Beck, Sca Fell
Altitude (m OD) 540
Grade (according to Evans and Cox, 1995) 3
Altitude of highest lateral moraine (m OD) 723.97
Toe to head altitude ratio method (THAR) (m OD)
35% 405.62
40% 447.39
45% 489.15
50% 531.00
Accumulation area ratio method (AAR) (m OD)
70% 452.00
65% 469.00
60% 480.00
55% 497.00
50% 525.00
Area weighted mean altitude method (AWMA) (m OD) 537.20

Balance ratio method (Benn and Gemmell, 1997) (m OD)

BR=2.00 459.58
BR=1.81 465.83
BR=1.60 473.72
BR=1.54 476.20
BR=1.43 481.06
Balance ratio method (Osmaston, 2005) (m OD)
BR=2.00 491
BR=1.81 497
BR=1.60 505
BR=1.54 508
BR=1.43 513
[Mean value of all of the above methods (m OD) 496.56
ean value of BR=1.54 {Benn and Gemmell, 1997), AAR 494.13
5% and AWMA (m OD) ’
LA used in subsequent calculations (m OD) 494

Table 6.1: ELA calculations and dimensions of the glacier occupying Upper Eskdale during

the Loch Lomond Stadial.

6.1.4 The influence of snowblow on glacier development/maintenance
The long axis of the Upper Eskdale valley lies at ~ 198°, meaning that the valley faces almost
directly south. This would have been a highly unfavourable aspect for glacier development
during the Loch Lomond Stadial due to the proposed occurrence of south to south-westerly
winds (Sissons, 1980) which cause the site to face a windward direction. The result of this will
have been an increase in air turbulence across the glacier surface which will have increased the

heat transfer from snow to the air and thus increased ablation when the temperature > 0°.
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Accumulation may also have been inhibited in Upper Eskdale due to the unsheltered location.
The angle of precipitation input may however have favoured glacier development in Upper
Eskdale since the incidence of precipitation on windward slopes has been found to frequently
be greater. The area surrounding the Upper Eskdale glacier with the potential to contribute
mass to the glacier via snowblow was therefore calculated in order to determine whether or
not snowblow could have been sufficient to provide accumulation which could sustain the
glacier despite the unfavourable aspect. Using the method outlined in chapter 4 snowblow

areas are identified and are illustrated in figure 6.4 and 6.5 below.

N

0 0.5 1 2
| Kilometers

Figure 6.4: The potential snowblow areas associated with the proposed Upper Eskdale
glacier. The ELA of the glacier has been calculated at 494 m OD and is marked with a dark
blue line above. It should be noted that no snowblow area is found within the southern

quadrant (135-225°) for this glacier.
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Figure 6.5: Polar plot of snowblow area with area-weighted 15° sector lengths.

Figure 6.4 and 6.5 above show that potential snowblow area associated with the Upper
Eskdale glacier can be found principally in the north-east and north-west quadrants. In
contrast, the south-east and southern quadrants do not contain any ground suitable for
snowblow and the south-west sectors contains just a very small area. Snowblow factors
associated with the above snowblow areas were calculated and are shown in table 6.2 below.
The largest snowblow factor of 2.11 is associated with the north-east quadrant while the
smallest snowblow factors of 0 relate to the south and south-eastern quadrants. Interestingly,
all of the calculated snowblow factors are also much smaller than those calculated for the
Mosedale, Lingmell Beck or Lingmell Gill glaciers. Referring back to section 3.1.4, the
consideration of criteria 5 for the identification of potential snowblow areas requires that only
windward slopes have the potential to contribute mass to a glacier via snowblow. On these
grounds it appears that only the west and south-west quadrants which contain snowblow
areas of 0.44 km? and 0.17 km? respectively had the potential for snowblow around the Upper
Eskdale glacier. These two sectors provide a snowblow area of 0.61 km? and therefore a
snowblow area to glacier area ratio of 0.05 which is clearly very low. It is therefore unlikely

that snowblow played a significant role in mass accumulation on the Upper Eskdale glacier.
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Glacier name Upper Eskdale
Glacier area (km?) 13.05
Total snowblow area (km?) 2.93
Enowblow area by 90° quadrants expressed as a percentage of the total
nowblow area (%)
NE (0-90°) 58.06
SE (91-180°) 0
SW (181-270°) 567
NW (271-360°) 32.27
S (135-225°) 0
W (226-315°) 14.9
[Snowblow factor by 90° quadrants
NE (0-90°) 2.1
SE (91-180°) 0
SW (181-270°) 0.66
NW (271-360°) 1.67
S (135-225°) 0
W (226-315°) 1.07
ean snowblow factor 0.92
ﬂatio of snowblow area to glacier area 0.22

Table 6.2: Snowblow areas and snowblow factors identified around the Upper Eskdale

glacier using the criteria outlined in chapter 3.

6.1.5 Glacier dynamics in Upper Eskdale
Dynamically, the Upper Eskdale glacier shown in figure 6.2 has been proven to be
glaciologically viable using th60model outlined in section 5.1.5. Under steady-state conditions,
the glacier required 11.12 m a™ basal motion which accounted for 62.25 % of the total glacier
motion (table 6.3). According to Carr and Coleman (2007) and Andrews (1972), for a viable
glacier, the percentage basal motion should not exceed 90 % of the total motion based on
observations of contemporary alpine glaciers. The high mass flux of this glacier is a reflection
of the size of the glacier surface and the size of the cross sectional area of the ELA. A shape
factor of 0.61 theoretically reflects a near parabolic bed profile at the ELA of a glacier: however
figure 6.6 below, a cross sectional profile across the ELA of the Upper Eskdale glacier, indicates

that in practice this is not necessarily the case.
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Upper Eskdale
ELA (m) 494.00
Temperature proxy used Coope and Joachim (1980) St Bees Head
Proxy site altitude (m OD) 0.00
T, at proxy site (°C) 8.25
Temp. at ELA {0.0065°C/m lapse rate) 5.03
Degrees surface slope at ELA 3.57
Max ice thickness at ELA (m) 144.55
Glacier shape factor 0.61
Normal stress at centre point of ELA (bars) 11.65
Ablation gradient at ELA (mm/m) 6.35
Mass loss at ELA (ma-1) 2.36
Net Ablation (m® w.e.) 4,341,667.06
Mass flux (m?® ice) 4,771,062.70
Cross sectional area at ELA (m?) 238,992.52
Perimeter of bed at ELA (m) 2,744.08
Mean balance velocity at ELA (ma™) 18.17
Basal shear stress at ELA (bars) 0.47
Max ice deformation velocity at ELA {(ma™) 11.92
Average ice deformation velocity at ELA (ma™) 6.86
Required basal motion (ma™) 11.31
Required basal motion (%) 62.25

Table 6.3: Reconstructed steady-state dynamics and flow characteristics of the glacier

occupying Upper Eskdale during the Loch Lomond Stadial.
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Figure 6.7: A cross sectional profile along the long axis of the Upper Eskdale glacier.

A maximum ice thickness at the ELA of 144.6 m is found west of the centre point of the ELA
(see figure 6.6). This is greater than the maximum ice thickness at the ELA of all of the glaciers
considered thus far. As shown in figure 6.7 above the Upper Eskdale glacier had a relatively
constant thickness throughout except at the highest altitudes where ice appears to have been
much thinner, probably as a result of the steep topographic gradient in such areas. Ice is also

believed to have thinned ~ 2 km up-valley from the terminus.
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Figure 6.8: The distribution of the glacier's surface area between the 50 m ice surface

contour intervals. ELA =483 m OD.

Unlike the glaciers reconstructed in chapter 4, it is suggested that the largest areas of the
glacier surface in Upper Eskdale were found in the middle altitudes of the glacier (figure 6.8).
Notably, the largest surface areas are reconstructed between the 400 and 450 m and 450 and
500 m contours with areas of 1.41 km? and 2.15 km? respectively. This it the result of the very
wide middle altitude region of the Upper Eskdale which at 2.5 km wide between the 450 and
500 m contours is equivalent to 19.2 % of the long axis of the glacier. The relationship
between altitude and glacier surface area can be further demonstrated using a hypsometric
curve as shown in figure 6.9 below. In accordance with the above inference, figure 6.9 shows
the steepest increase in cumulative glacier surface area between 400 and 500 m OD. The net
balance profile of the Upper Eskdale glacier is also consistent with equal accumulation and

ablation during steady-state conditions (figure 6.10).
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Figure 6.9: Hypsometric curve for the Upper Eskdale glacier.

901-948.53
851-900
801-850
751-800
701-750
651-700
601-650
551-600
501-550
494-500
451-494

Altitude (m OD)

351-400

113.29-150

-150 -100 -50 0 50 100 150 200

Net Balance {10‘l m> w.e.)

Figure 6.10: The net balance profile of the Upper Eskdale glacier.
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6.2 Red Tarn, Wrynose Pass

Red Tarn is a small tarn of 0.0063 km? area located at 526 m OD just north of Wrynose Pass in
the southern Lake District. The valley surrounding the tarn is overlooked by Cold Pike (701 m
OD) to the west and Pike of Blisco (705 m OD) to the east. From the highest point of the
valley, near Red Tarn, the valley descends to Wrynose Pass at 393 m OD before turning west
and descending to Wrynose Bottom at 250 m OD. Three streams drain the area to the south
of Red Tarn and converge on the western side of Wrynose Pass to form the River Duddon

flowing west.

6.2.1 Geomorphology in the valley of Red Tarn
The area surrounding Red Tarn, Wrynose Pass and Wrynose Bottom has an abundance of
moraines. The majority of these moraines, which are shown below in figure 6.11a, trend
obliquely down valley or traverse the surrounding hillsides. The densest area of moraines lies
just beyond the southern end of Red Tarn around GR 271033. These subtle moraines possess
gradual basal breaks of slope as a result of peat accumulation between the moraines which
often encroaches onto the slopes. The formation of many small drainage pathways beneath
and within the peat has caused many of the moraines to have been dissected. This has caused
some of the linearity between and within the moraines to have been lost. A large fluvially cut
spur is also present south of Red Tarn and is testament to the high water content of the
surrounding area which has resulted in river discharges suitably high as to incise deeply either

side of the spur.

Further south, near the summit of Wrynose Pass moraine density reduces and moraine
orientation change to run sub-parallel to the south-west facing valley leading the Wrynose
Bottom (see figure 6.11a). It is here, near the summit of Wrynose Pass, that Sissons (1980)
suggests the terminus of the Loch Lomond Stadial glacier was located. Following field
investigation, it is suggested that this may be incorrect since the ridge proposed as the
terminal moraine by Sissons (1980) has been found to be rock cored. The rock in this area
appears to be responsible for a significant proportion of the feature’s morphology with just a
covering of till overlaying the bedrock ridge. It is thus suggested that the terminus of the Loch

Lomond Stadial glacier was further down valley to the west of Wrynose Pass.
Peat cover reduces further down the valley and as a result moraines become less subdued and

show more pronounced basal breaks of slope. Crestlines also become clearer and more inter-

and intra-moraine linearity is shown.
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Figure 6.11a: The geomorphology of Red Tarn and Wrynose Bottom.

An area devoid of moraines then occurs to the west of GR 265024 before the occurrence of
much larger moraines further to the west. These moraines are larger in both height and plan
and show a greater degree of linearity despite areas of dissection. The moraines around GR
265024 also grade into the hillside more than the moraines further to the west. As shown in
Figure 6.11a above, the larger moraines also show a greater degree of curvature than

moraines further to the east. A smooth arc of moraines can therefore be traced across the
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valley to form an arc which is ~ 700 m wide and believed to have formed at the front of a
valley glacier. This is much wider than the maximum width of the moraines further east which
at their maximum width spread only 250 m across the valley. These moraines are also
believed to have formed at the front of a valley glacier. This morphological change is taken to
represent formation under different environmental conditions at the front of valley glaciers of
differing sizes. The morphological differences seen between the moraines can be compared to
those seen in moraines in Mosedale and Lingmell Beck. Consequently, as shown in figure
6.11b below, the two groups of moraines have been assigned to different glacial episodes with
those further to the east proposed as the terminal moraines of the Loch Lomond Stadial glacier
which occupied Wrynose Bottom and Red Tarn. The pre-Loch Lomond Stadial moraines may

relate to the Scottish Readvance or the Wester Ross Readvance.
Coring was also carried out in a peat bog on the summit of Wrynose Pass however this was

unsuccessful due to the presence of an extensive layer of rocks and/or gravel at approximately

1.5 m below the surface.
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Figure 6.11b: The geomorphology of Red Tarn and Wrynose Bottom proposing the glacial

episode during which moraine formation occurred.

6.2.2 Loch Lomond Stadial glacier reconstruction at Red Tarn
The proposed reconstruction of the glacier which occupied Red Tarn and Wrynose Bottom is
shown below in figure 6.12. At its maximum extent the glacier had a surface area of 1.5 km?
and an ELA of 494 m. Sissons (1980) and Manley (1959) also reconstructed glaciers in Red

Tarn/ Wrynose Bottom. The reconstruction provided by Sissons (1980) indicates a glacier with
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a surface area of just 0.62 km? which is less than half of the area of the glacier reconstructed
here. Sissons’ (1980) reconstruction of the glacier in Red Tarn is shown below in figure 6.13;
however this is considered conservative since the moraine he took as the terminal moraine has
since been found to be rock cored. Here, the terminus of the glacier has been extended
further down the valley to coincide with a set of moraines in Wrynose Bottom (shown in figure
6.11b above). The result of this reconstruction which extends the ablation zone of the glacier
to lower altitudes than suggested by Sissons (1980) is to lower the ELA of the glacier. Sissons
(1980) suggests an ELA of 557 m OD for the glacier in Red Tarn (shown in figure 6.13), which is

45 m higher than the ELA calculated for the reconstruction shown in figure 6.12 below.
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Figure 6.13: The reconstruction of the Red Tarn/Wrynose Bottom glacier during the Loch

Lomond Stadial according to Sissons (1980).

Prior to Sissons (1980), Manley (1959) reconstructed the glacier occupying Red Tarn/ Wrynose
Bottom during the Loch Lomond Stadial. This reconstruction was more extensive than that
proposed by Sissons (1980) and not only involved ice being present in Widdygill Foot to the
east but also required that the ice in Red Tarn and Widdygill Foot coalesced over Wrynose
Pass. Furthermore although Manley (1959) extends ice to the east into Widdygill Foot, he
does not extend ice down valley into Wrynose Bottom to the west. This seems an unlikely
arrangement since it would be naturally easier for ice to extend to the west downslope than to
the east over the pass. Although Wrynose Bottom has a more windward aspect than Widdygill
Foot and could thus be considered to be in a less favourable location, Wrynose Bottom
receives considerable shading from Cockley Beck Fell to the south. When compared with
Widdygill Foot which is bounded to the south by Wet Side Edge, Wrynose Bottom can be

considered to be relatively sheltered, particularly from southerly winds.

Morainic evidence of a glacier terminus around the location proposed by Manley (1959) on the
western side of Wrynose Pass also appears tentative. Moraines are present in this area, as

shown in figure 6.11b, but there is no clear arcuate downslope limit. Thus far, moraine
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morphology has been used as a means of distinguishing between moraines which formed
during different glacial episodes. In Wrynose Bottom just one clear morphological change is
seen within the moraines and this is taken to represent the downslope limit of the Loch
Lomond Stadial glacier in the valley as described above. Within this glacial limit moraines
show consistent degrees of linearity, breaks of slope and size (both height and plan), and do
not therefore support Manley’s (1959) suggestion that the glacier terminus on the western

side of Wrynose Pass lay up valley of the limit proposed in this study.

The upslope limit of the glacier proposed here also contests that of Manley (1959). Arcuate
moraine ridges are seen across the pass (see figure 6.11b) lying transverse to the proposed ice
flow eastward over the pass into Widdygill Foot. These moraines generally curve downslope
and on the western side of the pass one such ridge is taken as the upslope limit of the Loch
Lomond Stadial glacier proposed in this study. Evidence indicating the lateral margins of that
ice flowed over the pass however is lacking, and it is thus suggested that ice did not coalesce

between Red Tarn/Wrynose Bottom and Widdygill Foot.

The valley around Red Tarn itself over which ice is believed to have coalesced with that in
Oxendale to the north has an unfavourable aspect facing almost directly south. The lower
section of the valley in Wrynose Bottom has a more favourable aspect facing south-south-west
and receives shelter from the high elevation topography to the south as previously discussed.
The implications of this on mass accumulation in the accumulation zone of the glacier could be
detrimental as a result of high amounts of direct solar radiation reaching the south facing parts
of the glacier. This however, may have been counteracted by relatively low amounts of
ablation as a consequence of the sheltered location of the ablation zone in Wrynose Bottom.
It is therefore possible that the Red Tarn/Wrynose Pass glacier had a low mass turn over
compared to a glacier such as Mosedale where the accumulation and ablation zones have a

similar orientation.

The theoretical ELA of the Red Tarn/Wrynose Bottom glacier has been calculated via several
methods, the results of which are shown below in table 6.4. Deviations from these theoretical
results are however likely with a glacier such as that proposed for Red Tarn/Wrynose Bottom

due to the variations in downslope flow direction.
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Area (km?)
Long axis length (m)
Max altitude (m OD)
Min altitude (m OD)
Mid-altitude (m OD)
Lowest cirque
Name
Altitude (m OD)
Grade (according to Evans and Cox, 1995)
Altitude of highest lateral moraine (m OD)
Toe to head altitude ratio method (THAR) (m OD)
35%
40%
45%
50%
Accumulation area ratio method (AAR) (m OD)
70%
65%
60%
55%
50%
Area weighted mean altitude method (AWMA) (m OD)

Balance ratio method (Benn and Gemmell, 1997) (m OD)

BR=2.00
BR=1.81
BR=1.60
BR=1.54
BR=1.43
Balance ratio method (Osmaston, 2005) (m OD)
BR=2.00
BR=1.81
BR=1.60
BR=1.54
BR=1.43
ean value of all of the above methods (m OD)

ean value of BR=1.54 {Benn and Gemmell, 1997), AAR
5% and AWMA

LA used in subsequent calculations (m OD)

Red Tarn
1.45
2267.43
648.31
276.31
462.00

530.53

406.51
425.11
443,71
462.00

445.00
457.00
470.00
480.00
492.00
500.55

492.81
495.12
497.99
498.88
500.60

466
464
462
461
459
471.90

485.48

485

Table 6.4: ELA calculations and dimensions of the glacier occupying Red Tarn/Wrynose

Bottom during the Loch Lomond Stadial.

6.2.3 The influence of snowblow on glacier development/maintenance
Areas surrounding the reconstructed Red Tarn/Wrynose Bottom glacier with the potential to

contribute mass to the glacier via snowblow were identified using the criteria outlined in

chapter 4 and are shown in figures 6.14 and 6.15 below.
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Figure 6.14: The snowblow area associated with the Red Tarn/Wrynose Bottom glacier. The
ELA of the glacier has been calculated at 485 m OD and is marked with a dark blue line
above. The ice divide between the Red Tarn/Wrynose Bottom glacier and the Oxendale
glacier to the north is marked with a dashed dark blue line. It should be noted that no

snowblow area is found within the southern quadrant (135-225°) for this glacier.

Figure 6.15: Polar plot of snowblow area with area-weighted 15° sector lengths.

The largest snowblow areas around the Red Tarn/Wrynose Bottom glacier are located in the

north-east and north-west quadrants. Snowblow area is also found in the western quadrant
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and a smaller amount is found in the south-western quadrant; however crucially no snowblow
area is present in the southern sector. Table 6.5 below shows the snowblow areas found
within each quadrant around the Red Tarn/Wrynose Bottom glacier. As expected from figures
6.14 and 6.15 above the highest snowblow factors are associated with the western and north-
western quadrants. Since south to south-west winds were probably dominant during the
Stadial, this arrangement of snowblow area around the glacier suggests that snowblow may
have contributed only minimal quantities of mass to the glacier. This arrangement of potential
snowblow area is however, more advantageous than the arrangement around the Upper
Eskdale glacier. In Upper Eskdale, there is also an absence of potential snowblow area in both
the south and south-east quadrants. However, a much lower proportion of the snowblow area
is found within the western quadrant and thus a greater proportion of the snowblow area is
likely to be windward of the glacier, thus favouring input via snowblow. It should also be
considered that steeper ground surrounds Upper Eskdale so although snowblow contribution

may have been limited, mass contribution through avalanching is likely.

Red Tarn
Glacier area (km?) 1.15
Total snowblow area (km?) 1.32
Snowblow area by 90° quadrants expressed as a
percentage of the total snowblow area (%)
NE (0-90°) 33.41
SE (91-180°) 0.00
SW (181-270°) 12.79
NW (271-360°) 53.80
S (135-225°) 0.00
W (226-315°) 65.30
Snowblow factor by 90° quadrants
NE (0-90°) 4.76
SE (91-180°) 0.00
SW (181-270°) 2.95
NW (271-360°) 6.04
S (135-225°) 0.00
W (226-315°) 6.66
Mean snowblow factor 3.40
Ratio of snowblow area to glacier area 1.15

Table 6.5: Snowblow areas and snowblow factors identified around the Red Tarn/Wrynose

Pass glacier using the criteria outlined in chapter 4.

6.2.4 Glacier dynamics at Red Tarn
The proposed glacier occupying Red Tarn/Wrynose Bottom has been proven to be viable
according to the method outlined by Carr and Coleman (2007). This glacier however requires
the highest percentage of basal motion out of any of the glaciers studied here in order to

remain in steady-state equilibrium. At 73.01 %, the required basal motion at Red Tarn is the
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closest to the 90 % threshold of any of the glaciers studied here. This is the result of a shallow

surface slope and relatively thin ice at the ELA of the glacier (see table 6.6 below).

Red Tarn
ELA (m) 485.00
Temperature proxy used Coope and Joachim (1980) St Bees Head
Proxy site altitude {m OD) 0.00
T; at proxy site (°C) 8.25
Temp. at ELA (0.0065°C/m lapse rate) 5.09
Degrees surface slope at ELA 7.28
Max ice thickness at ELA (m) 66.79
Glacier shape factor 1.00
Normal stress at centre point of ELA (bars) 5.27
Ablation gradient at ELA (mm/m) 6.42
Mass loss at ELA (ma-1) 2.39
Net Ablation (m® w.e.) 295,605.36
Mass flux (m?® ice) 324,841.05
Cross sectional area at ELA (m?) 38,006.11
Perimeter of bed at ELA (m) 724.67
Mean balance velocity at ELA (ma™) 7.78
Basal shear stress at ELA (bars) 0.27
Max ice deformation velocity at ELA (ma™) 5.52
Average ice deformation velocity at ELA (ma™) 2.10
Required basal motion (ma™) 5.68
Required basal motion (%) 73.01

Table 6.6: Reconstructed steady-state dynamics and flow characteristics of the glacier

occupying Red Tarn/Wrynose Pass during the Loch Lomond Stadial.

Thin ice at the ELA of the Red Tarn/Wrynose Bottom glacier and a shallow surface slope also
resulted in the lowest normal stress at the ELA of 5.27 bars, any of the glaciers studied.
Variation in ice thickness along the long axis of the glacier is illustrated in figure 6.16 below
along with the cross section at the ELA in figure 6.17. Ice thickness declines from the ELA
down towards the glacier snout with a noticeable thinning occurring around 350 m from the

terminus. At around 1.5 km from the terminus, just above the ELA, ice also becomes thinner
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at the point where the ground begins to descend away from the relatively flat area around Red

Tarn. This can be explained by the occurrence of extensional flow in this area.

700
600
500

Height above 400

0D (m)
300

200

100

0 250 500 750 1000 1250 1500 1750 2000 2250

Distance from terminus (m)

Ice surface elevation (m) Ground elevation (m)

Figure 6.16: Across sectional profile along the long axis of the Red Tarn/Wrynose Bottom

glacier.
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Figure 6.18: The distribution of the glacier’s surface area between the 50 m ice surface

contour intervals. ELA =485 m OD.

As would be expected from an idealised glacier reconstruction, some of the largest surface
areas of the glacier lie around the glacier’s mid-altitudes between 400 and 550 m (see figure
6.18 above). However the single largest area between any of the contours lies within the 600-
650 m contour interval. This is explained by the presence of the nearby ice divide with the
Oxendale glacier to the north which means that the glacier does not become substantially
narrower or thin towards its maximum altitude as is seen with an isolated glacier such as
Mosedale for example. This is further illustrated by plotting cumulative surface area against
altitude as shown figure 6.19 and also explains the slightly unbalanced net balance curve
shown in figure 6.20 which illustrates calculations of net balance based on the surface area of

the glacier.
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Figure 6.19: Hypsometric curve for the Red Tarn/Wrynose Bottom glacier.
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Figure 6.20: The net balance profile of the Red Tarn/Wrynose Bottom glacier.
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6.3 Widdygill Foot
Widdygill Foot is a small east facing valley on the eastern wide of Wrynose Pass in the south
central fells. The valley covers an area of ~ 3 km? and is occupied by the River Brathay which
drains from Wrynose Pass, Pike of Blisco (705 m OD) and Wrynose Fell further north. Steep
topography surrounds Widdygill Foot and forms an enclosed valley located directly beneath
Wrynose Pass. To the south-west of the valley, Wet Side Edge separates Widdygill Foot from
Greenburn Beck before the ground steeply ascents to Swirl How (805 m OD) ~ 2 km south of

Wrynose Pass.

6.3.1 Geomorphology in the valley of Widdygill Foot
The floor of the Widdygill Foot valley is occupied by a series of moraine ridges and mounds
extending ~ 1 km along either side of the River Brathay. Moraines on the northern side of the
river are not only more extensive but also possess a much clearer morphology. Using Manley’s
idea of ‘freshness of form’, these moraines could be described as ‘very fresh’. The moraines
on the northern side of the valley trend obliquely down valley in a north-west to south-east
orientation. Moraines initially grade out of the northern side of the valley although they are
disrupted by the road which runs perpendicular to the moraine crest orientation. As the
moraines progress southwards away from the northern side of the valley, crestlines and basal
breaks of slope become much sharper. According to Wilson (2002), moraines are found

between 130 and 220 m OD.

On the southern side of the valley, not all of the moraines were identified by Wilson (2002).
Moraines on the southern side of the valley appear much more subdued than those identified
by Wilson (2002) with less distinctive basal breaks of slope and crestlines. Their linearity is
however still clearly visible from aerial photography and in some cases NextMap (see figure
6.21a below). They also appear to grade more smoothly into the southern side of the valley,

probably as a result of their reduced height.
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Figure 6.21a: The geomorphology of Widdygill Foot.

Between the larger moraines, particularly on the northern side of the valley, areas of peat infill
are present. The very flat topography associated with these areas of infill may explain why
such sharp breaks of slope are found around the nearby moraines. As noted by Wilson (2002),

these areas of infill are found above the level of the present day river.

To the east of GR: 298030 moraines are not present. It is therefore not possible to assign
these moraines to a particular glacial episode in the same way as the moraines discussed at

the previous five sites based on morphology. Instead it is necessary to consider the moraines
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at Widdygill Foot in the context of moraines elsewhere in the Lake District. Moraines at the
southern ends of Coniston and Windermere are believed to have formed during the Gosforth
Oscillation (Merritt and Auton, 2000). Comparatively, moraines formed during both the
Gosforth Oscillation and the Scottish Readvance indicate a much more extensive glaciation
than those at Widdygill Foot with ice extending out from the mountains to much lower
altitudes. Consequently, the moraines in Widdygill Foot, and indeed each of the other areas
considered in this study, were not formed during either of the above Dimlington Stadial
readvances. Instead it is suggested that the moraines formed during a more recent glacial
episode, based on their proximity to the mountain summits and well preserved morphology.
The Loch Lomond Stadial, which is the most recent episode of mountain glaciation in the
British Isles, therefore seems the most likely period for their formation. This is supported by
the stratigraphy of the core taken from the kettle hole (feature A) in Mosedale (see chapter 4).
Figure 6.21b below indicates the age that has been assigned to the moraines in and around
Widdygill Foot. This figure indicates that the moraines above the main valley (shown in purple
on figure 6.21b) are not of LLS age. Instead they are suggested to have formed during an
earlier glacial episode on the basis of them being far more subdued and also much shorter

than the moraines lower down in the Widdygill Foot valley bottom.
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Figure 6.21b: The geomorphology of Widdygill Foot indicating the glacial episode during

which moraine formation occurred.

Coring was also attempted in Widdygill Foot in order to relatively date the moraines (around
GR: 278028). The presence of an extensive covering of fluvial gravels approximately 70 cm on
average below the ground surface prevented any potentially valuable sediments being
retrieved. Cores obtained from the area were devoid of minerogenic sediments and solely
consisted of peat. **C dates on organic fragments in the base of the peat would establish a
minimum age for the lower sediments and thus potentially confirm the above suggestion;

however this was beyond the scope and time constraints of this project.
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6.3.2 Loch Lomond Stadial glacier reconstruction in Widdygill Foot
The map of Manley (1959) was the first to indicate that a glacier occupied Widdygill Foot
during the Loch Lomond Stadial. Although the coarse scale of this map makes it difficult to
establish exactly where Manley (1959) intended his glacial limits to be, it is likely that he
intended the terminus of the glacier to have been located in a similar place to that indicated
below in figure 6.22. Pennington (1978) also suggests that a Loch Lomond Stadial glacier
occupied the site: however, Sissons (1980) does not. More recently, Wilson (2002) has
provides a more comprehensive geomorphological map of Widdygill Foot and convincingly
argues that the moraines are of Loch Lomond Stadial age. Walker (1966) however identified
the moraines in Widdygill Foot but was less confident in assigning them an age. Figure 6.22
shows the reconstructed glacier in Widdygill foot based on the geomorphological evidence

presented in figure 6.21b above.
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Figure 6.22: A reconstruction of the glacier which occupied Widdygill Foot in the south

central Lake District during the Loch Lomond Stadial.
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The reconstructed glacier shown above had a total area of 1.23 km? making it the fourth
largest of the six glaciers reconstructed here. The ELA of the Widdygill Foot glacier was
calculated following the methods outlines in chapter 4 and a final ELA of 323 m OD was used in
subsequent calculations of glacier dynamics and flow characteristics. This is substantially
lower than the ELAs of any of the other six glaciers presented by ~ 100 m and can be explained
by the low altitudinal range of the glacier. At ~ 399 m the Widdygill Foot glacier has the
second lowest altitudinal range of the six glaciers presented with a maximum altitude of 515 m
and a minimum of 116 m OD. As shown in table 6.7 below, neither the Widdygill Foot glacier,
nor the Red Tarn/Wrynose Bottom glacier, occupied a glacial cirque. In a situation where
cirques formed during glacial episodes prior to the Loch Lomond Stadial, which is almost
certainly the case in the Lake District, the occurrence of glacial cirques is likely to have
facilitated glacier development. Conversely where cirques are not present, the development
of Loch Lomond Stadial glaciers is suggested to have been more reliant on the wider valley
topography and aspect rather than the specific environment conditions created within the

cirque basin or hollow.
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Area (km?)
Long axis length (m)
Max altitude (m OD)
Min altitude (m OD)
Mid-altitude (m OD)
Lowest cirque
Name
Altitude (m OD)
Grade (according to Evans and Cox, 1995)
Altitude of highest lateral moraine (m OD)
Toe to head altitude ratio method (THAR) (m OD)
35%
40%
45%
50%
Accumulation area ratio method (AAR) (m OD)
70%
65%
60%
55%
50%
Area weighted mean altitude method (AWMA) (m OD)

Balance ratio method (Benn and Gemmell, 1997) (m OD)

BR=2.00
BR=1.81
BR=1.60
BR=1.54
BR=1.43
Balance ratio method (Osmaston, 2005) (m OD)
BR=2.00
BR=1.81
BR=1.60
BR=1.54
BR=1.43
ean value of all of the above methods (m OD)

ean value of BR=1.54 (Benn and Gemmell,1997), AAR
5% and AWMA (m OD)

LA used in subsequent calculations (m OD)

Widdygill Foot
1.23
2292.25
515.00
116.33
315.00

439.32

255.86
275.80
295.73
315.50

294.00
310.00
321.00
333.00
343.00
325.50

326.82
329.29
332.36
333.31
335.17

485
484
482
482
481
360.94

322.94

323

Table 6.7: ELA calculations and dimensions of the glacier occupying Widdygill Foot during

the Loch Lomond Stadial.

The long axis of the Widdygill Foot valley has an easterly aspect. This is a relatively favourable
aspect for glacier development as it means that the valley is located on the leeward side of

Wet Side Edge and Wrynose Pass which both provide shelter from the south to south-westerly

winds which occurred during the Stadial.
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6.3.3 The influence of snowblow on glacier development/maintenance
Ground with the potential to contribute mass to the Widdygill Foot glacier via snowblow has
been identified and is shown in figure 6.23 or 6.24 below. Snowblow area is found within all of
the quadrants around the Widdygill Foot glacier with the largest areas in the NW and W
quadrants, containing 52.49 % and 41.37 % of the total snowblow area respectively (table 6.8).
Despite this, the Widdygill Foot glacier has the third smallest snowblow area to glacier area
ratio meaning that mass contribution to glacier via snowblow may not be as significant as it
may appear from initial inspection of figure 6.23, for example. The significance of snowblow
around the Widdygill Foot glacier is further reduced by the implementation of criteria 5 for the
identification of potential snowblow area as outlined in section 3.1.4. This criteria states that
only surfaces which are windward of the glacier have the potential for snowblow. This reduces
that total snowblow area from 0.81 km? to just 0.29 km? (just 36.25 % of the original calculated
area) and the snowblow area to glacier area ratio from 0.65 to 0.23. It is therefore
hypothesised that the sheltered location and aspect of the Widdygill Foot glacier played a
significant role in glacier development by enabling mass input via direct precipitation and
reducing ice melt. As a result the glacier was less reliant on inputs from snowblow than some

of the other glaciers discussed previously.

A

0 0.25 05 1
e Kilometers

Figure 6.23: The snowblow area associated with the Widdygill Foot glacier. The ELA of the
glacier has been calculated at 323 m OD and is marked with a dark blue line above.
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Figure 6.24: Polar plot of snowblow are with area-weighted 15° sector lengths.

Widdygill Foot
Glacier area {km?) 1.24
Total snowblow area (km?) 0.81
Snowblow area by 90° quadrants expressed as a
percentage of the total snowblow area (%)
NE (0-90°) 2.73
SE (91-180°) 0.00
SW (181-270°) 21.28
NW (271-360°) 76.00
S (135-225°) 3.74
W (226-315°) 57.03
Snowblow factor by 90° quadrants
NE (0-90°) 1.48
SE (91-180°) 0.00
SW (181-270°) 4.14
NW (271-360°) 7.83
S (135-225°) 1.74
W (226-315°) 6.79
Mean snowblow factor 3.66
Ratio of snowblow area to glacier area 0.65

Table 6.8: Snowblow areas and snowblow factors identified around the Widdygill Foot

glacier using the criteria outlined in chapter 3.

6.3.4 Glacier dynamics in Widdygill Foot
Reconstructed steady state dynamics of the Widdygill Foot glacier indicate that the glacier is
viable based on the methodology outlined in chapter 3. The glacier has a required basal
motion of 0 % indicating that glacier motion was entirely by internal ice deformation or

subglacial bed deformation (see table 6.9).
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Widdygill Foot
ELA (m) 323.00
Temperature proxy used Coope and Joachim (1980) St Bees Head
Proxy site altitude (m OD) 0.00
T, at proxy site (°C) 8.25
Temp. at ELA {0.0065°C/m lapse rate) 6.15
Degrees surface slope at ELA 9.25
Max ice thickness at ELA (m) 148.36
Glacier shape factor 0.89
Normal stress at centre point of ELA (bars) 5.28
Ablation gradient at ELA (mm/m) 7.88
Mass loss at ELA (ma-1) 2.80
Net Ablation (m® w.e.) 382,966.76
Mass flux (m? ice) 420,842.59
Cross sectional area at ELA (m?) 107,725.50
Perimeter of bed at ELA (m) 823.14
Mean balance velocity at ELA (ma™) 3.56
Basal shear stress at ELA (bars) 1.22
Max ice deformation velocity at ELA (ma™) 29.85
Average ice deformation velocity at ELA (ma™) 9.23
Required basal motion {ma™) 0.00
Required basal motion (%) 0.00

Table 6.9: Reconstructed steady-state dynamics and flow characteristics of the glacier

occupying Widdygill Foot during the Loch Lomond Stadial.

The Widdygill Foot glacier also has the lowest ELA of the six glaciers considered thus far. Since
temperature is a function of altitude, Widdygill Foot also has the highest 3-month summer
temperature at the ELA of 6.15°C. Furthermore Widdygill Foot also has the highest ablation
gradient, of 7.88 mm m™, which is again a function of the temperature at the ELA (see chapter

4 equations 8 and 9).

The shape factor of 0.89 associated with the Widdygill Foot glacier was calculated using
equation 15 in chapter 4 and is a reflection of the across valley profile at the ELA of the glacier

shown in figure 6.25 below. The across valley profile indicates a smooth sided valley with side
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which slope at approximately the same angle. Unlike Mosedale however, the valley bottom
contains a large undulation which accounts for the thinner ice seen in the centre of the

channel while the maximum ice thickness is attained to the south of the valley centre point.

The ice surface of the proposed Widdygill Foot glacier displays a relatively smooth descent
from ~ 1.8 km to the terminus. Above this point the ice becomes significantly thinner towards
the glacier’s maximum altitude and both the bed and ice surface slopes increase. The bed in
the lower half of the glacier possesses a very shallow slope before an abrupt break of slope at
~ 1.25 km above which the valley floor ascends much more sharply. The result of this abrupt
change in bed slope is a section of substantially thicker ice around the mid-altitude of the

glacier (see figures 6.25 and 6.26 below).
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Figure 6.26: A cross sectional profile along the long axis of the Widdygill Foot glacier.

As would be expected from an idealised distribution of glacier surface area over altitude, the
largest surfaces areas of the Widdygill Foot glacier are found in the mid-altitudes. Figure 6.27
below indicates that the largest surface area is found between 350 and 400 m OD with the
smallest surfaces areas at the minimum and maximum altitudes. This is the result of the
glacier occupying a ‘bowl shaped’ area at the head of the Widdygill Foot valley before the
upper portion of the glacier curves around almost 90" up towards Pike of Blisco. This is further
illustrated in the hypsometric curve of figure 6.28 and the net balance profile in figure 6.29,

below which indicate a noticeably steeper increase in surface area at ~ 400 m OD.
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Figure 6.27: The distribution of the glacier’s surface area between the 50 m ice surface

contour intervals. ELA =323 m OD.
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Figure 6.28: Hypsometric curve for the Widdygill Foot glacier.
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Figure 6.29: The net balance profile of the Widdygill Foot glacier.

6.4

Summary

Six independent glaciers in the south-west Lake District have been proven to be
glaciologically viable.

The geomorphology associated with these glaciers in shown in a regional context
below in figure .

Throughout the south-west Lake District, moraines associated with the Loch Lomond
Stadial trend down valley at approximately 45° to the long axis of the valley.

The accumulation of post-glacial sediments has in some areas subdued the
geomorphology however moraines of Loch Lomond Stadial origin generally have sharp
basal breaks of slope and crestlines.

They are also often present as arcuate ridges across the valley bottoms which formed

around the snout of a Loch Lomond Stadial valley glacier.
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Figure 6.30: The geomorphology of the south-west Lake District from Kirk Fell in the
north to Hardknott Pass in the south and from Pillar in the west to Langdale in the
east.

OVERSIZE FIGURE APPEARS AT END OF THESIS
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7: DISCUSSION

7.1 Previous work in the Lake District
7.1.1: The work of Manley (1955: 1959) and Sissons (1980)

It has long been recognised that glaciers occupied the valley-heads of the Lake District during
the short lived climatic deterioration known as the Loch Lomond Stadial. Despite this the first
attempt to map the extent of these glaciers was by Manley in 1959 (see figure 7.1). The small
scale of this map however restricted the inclusion of detailed field data and impeded the
precise identification of glacier limits. Consequently Sissons (1980a) (figure 7.2) later mapped
the area at a scale of 1:10,000 and identified 64 independent alpine style glaciers in the Lake
District during the Loch Lomond Stadial, many of which corresponded to the smaller glaciers

initially mapped by Manley (1959).
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Figure 7.1: Reconstructed Loch Lomond Stadial glaciers in the Lake District according to

Late Gloeial corrie

and valley glaciers

MILES

8

Manley (1959).

In order to identify moraines pertaining to the Loch Lomond Stadial Manley (1955: 1959) used

the idea of ‘freshness’ of form with respect to moraine morphology with the freshest moraines

assigned to the most recent glaciation of the area, the Loch
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Lomond Stadial. Sissons (1980) also adopted this approach. Wilson (2002) however notes that
the differences found between the maps of glacier masses produced for the Loch Lomond
Stadial in the Lake District by Manley (1959) and Sissons (1980) are substantial, with some
glaciers identified by Manley (1959) and Pennington (1978) not included on Sissons (1980)
map. This difference highlights the difficulty in using this method as a means of assigning
landforms to a particular glacial phase (Wilson, 2002). More recent work has emphasised that
moraine morphology is a reflection of a range of glaciological and sedimentological factors.
Along with the impact of human occupation which may modify landforms from their original
form, this suggests that the qualitative assessment of moraine morphology in terms of

‘freshness’ in order assign an age is tenuous (McDougall, 1997: Wilson, 2002).

On a smaller scale, the topography of the Lake District strongly influences precipitation
distribution both at present and during the Loch Lomond Stadial (Sissons, 1980b). Of the 64
ice masses identified by Sissons (1980a), the largest ice masses were found along a west-east
transect through the central fells, with the smallest glaciers in the north-west Lake District.
Such small glaciers are likely to have been associated with a precipitation shadow in the north-
west Lake District. This will have limited direct input of snow to the glacier surface so instead
such glaciers were maintained as a result of local factors. These included high snow-blowing
ratios in the south-east and south-west quadrants and low amounts of direct insolation
(Sissons, 1980b). Also, Evans (1994) has calculated the mean aspect of the cirque median axes
for the 158 cirques found within the Lake District as 048" which is coincident with the north-

easterly aspect of glaciers proposed by Sissons (1980a).

7.1.2: Plateau Icefields: a more extensive glaciation in the Lake District
More recently however, McDougall (1997: 2001) has proposed a rather different style of
glaciation during the Younger Dryas which involved the occurrence of plateau icefields centred
principally on High Raise (55 km?), with smaller icefields to the west centred on Grey
Knotts/Brandreth (7 km?) and Dale Head (3 km?) (see figure 7.3). Gellatly et al. (1988), Rea et
al. (1998) and Evans and Rea (2002) have studied modern plateau icefields in northern
Norway, notably Troms-Finnmark, where receding icefields have revealed areas of little or no
subglacial erosion. Such areas have been attributed to formation under the low basal shear
stresses found beneath cold-based non-erosive ice. These conditions have been found to
preferentially develop in association with slow-moving, relatively thin ice combined with low
mean annual air temperatures found on plateau surfaces (McDougall, 2001). It must also be
considered that the mass balance of the proposed outlet glaciers and thus their equilibrium

line altitude (ELA) would largely have been dictated by the size of the plateau feeding it (Rea et
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al., 1998). The presence of a plateau icefield would therefore imply a considerably higher ELA
then for Sissons’ proposed alpine-style glaciers: consequently, previous palaeoclimatic

inferences based on those will require revision (McDougall, 2001).

The recession of plateau icefields in contemporary glacial environments during the 21* century
has enabled researchers to gain a greater understanding of the geomorphology and ice
dynamics associated with such areas. The geomorphic impact of the plateau icefields in the
Lake District appears to have been minimal on the plateau summits. McDougall (2001) records
the presence of blockfields and other frost-weathered debris (mostly peat-covered) which are
taken as indicators of at least patchy cold-based ice occupation of the area during the Loch
Lomond Stadial. The presence of ice moulded bedrock at the margins of the High Raise
plateau indicates the transition from cold-based non-erosive ice on the plateau to warm, wet-
based erosive ice in the valleys. The outlet glaciers of the plateau icefield proposed by
McDougall (1998) are frequently delimited by extensive suites of moraines across the valley
floors. The linearity within these moraines is taken, by McDougall (1998), as evidence of active
ice retreat towards the plateau sources at the close of the Loch Lomond Stadial. The style of
glaciation proposed by McDougall (1998) is clearly much more extensive than that proposed

by Sissons (1980) and Manley (1959); however some similarities are present.
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On the eastern side of the central fells, the termini of the Greenburn Beck and Easedale
glaciers proposed by McDougall (1998) closely correspond with the limit of the alpine glaciers
proposed by Sissons (1980). Similar correspondence occurs in Ennerdale and to the north of
Glaramara. In other areas, McDougall (1998) interprets the moraines suggested by Sissons
(1980) and Manley (1959) as the products of active ice retreat during deglaciation. The major
difference however between the two styles of glaciation presented above relates to the
upslope limit of glaciation. While Sissons (1980) interprets the transition from ice moulded
topography below to frost shattered topography above as the upper limit of the ice,
McDougall (1998) considers that this is merely a product of a thermal boundary within the ice.
Unlike other areas of the British Isles the transition from ice moulded to frost shattered
topography within the Lake District often appears as a continuum rather than a sudden change
(a trimline). Ballantyne and McCarroll (1995) hypothesise that there are a number of

explanations for these transitional zones.

Firstly, frost shattering on high ground may simply reflect more pronounced breakdown of
rock at high altitudes. Secondly the weathering limit may be a high-level weathering limit,
which developed during ice-sheet down wastage, possibly during the transition from Stadial to
Interstadial, or may be the result of a readvance of ice during overall retreat (Ballantyne and
McCarroll, 1995). Alternatively, it is proposed that the boundary is a weathering limit rather
than a periglacial trimline representing a thermal boundary between the upper cold-based ice
and the lower more erosive warm-based ice within the former ice sheet (Ballantyne, 1997:
Ballantyne and McCarroll, 1995: Rae et al., 2004). Finally, Ballantyne (1997) notes that the
weathering limit may be ‘a ‘true’ periglacial trimline that marks the altitude of the surface of

the last ice sheet at its maximum thickness™ (Ballantyne, 1997, p. 128).

In the absence of reliable dates, it cannot be assumed that the geomorphology and the extent
to which weathering has occurred can be used to distinguish between sites that remained
uneroded because they were covered by cold based non-erosive ice and those that stood
above the ice as nunataks in a periglacial environment (Nesje et al., 2007). The gradual nature
of these transitions in the Lake District however allows the current author to agree with
McDougall (1998) who believes that they are the products of a thermal boundary within the
ice. This supports the conclusions that plateau icefields occupied the Lake District during the

Loch Lomond Stadial.
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7.1.3: Work more recent than Sissons (1980)

Work subsequent to that of Sissons (1980a) argues for a more extensive Loch Lomond Stadial
glaciation. 13 further sites have been identified by Clark (1992), Evans (1994), Wilson and
Clark (2002) and Wilson (1999: 2004) as hosts for Loch Lomond Stadial glaciers based on
morphological evidence. Wilson (2002) has provided descriptions of moraines at three sites in

the south-central Lake District: Widdygill Foot, Blindtarn Moss and Cotra.

Blindtarn Moss, a northeast facing cirque 2 km south-west of Grasmere, has been defined as a
class 1 cirque by Clough (1977) who identified 198 possible cirques in the Lake District (72 of
which were classified as ‘dubious’ or ‘indistinct’) (Evans and Cox, 1995). This number has since
been reassessed by Evans and Cox (1995) who have identified a complete population of 158
cirques in the Lake District. Both Manley (1959) and Walker (1966) have identified moraine
ridges and mounds within the Blindtarn Moss cirque however they disagree on their period of
formation. Manley (1959) assigns the moraines, which he describes as ‘crescentic and very
fresh looking moraines’ (Manley, 1959, p. 203), to the Loch Lomond Stadial, while Walker
(1966) prefers an origin in an earlier glacial phase due to the more subdued topography found

in the area.

Also not included as a site which nourished a Loch Lomond Stadial glacier by Sissons (1980a)
was Cotra, a site on the steep eastern side of Steel Fell north of Grasmere. Several studies
have identified moraines at this location: however most have suggested that this site pre-dates
the Loch Lomond Stadial (Manley, 1959: Walker, 1966: Sissons, 1980a) with the exception of
Pennington (1978). The dominant moraine at this site runs along the foot of the slope almost
parallel to the A591 road for 1.5km and has a maximum width of 450 m. Its downslope limit is
well defined (possibly with some steeping due to the influence of Raise Beck) however as a
result of debris accumulation along its upslope margin the moraine’s upper limit is somewhat
obscured (Wilson, 2002). The reconstructed glacier at Cotra has however more recently been

dismissed as ‘glaciologically unviable’ by Carr and Coleman (2007).

With respect to each of these sites, Wilson (2002) is able to convincingly argue that they
nourished glaciers during the Loch Lomond Stadial by using three lines of evidence. Firstly, as
outlined previously, in view of the work of Benn (1992) and McDougall (1997: 2001) the term
‘freshness’ with respect to moraine morphology in order to assign a date to its formation
should be used with caution. Secondly, readvances of the Dimlington Stadial ice sheet in the
Northern Irish Sea occurred between 17.6 and 16.8 cal. Ka BP as proposed by McCabe and
Clark (1998) and McCabe et al. (1998) in response to Heinrich event 1 in the North Atlantic.

Merritt and Auton (2000) have provided evidence of the ‘Scottish Advance’ into the Lake
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District and have proposed substantial contemporaneous valley glaciers in both Ennerdale and
Wasdale. However, the work of Pennington (1978) suggests that the Windermere basin was
ice free between 17.6 and 16.8 cal. Ka BP and consequently correlative moraines in the
southern Lake District have been assigned to an earlier glacial phase. Since the moraines
discussed above lie well inside this glacial limit Wilson (2002) is able to propose that they date
to a more recent glaciation. Based on biostratigraphy and geomorphology evidence, the most
recent glaciation of the British uplands is confidently assigned to the Loch Lomond Stadial and
consequently the absence of absolute dates for the moraines at Widdygill Foot, Blindtarn Moss
and Cotra has led to the suggestion that these moraines also relate to that glacial phase

(Wilson, 2002).

In the eastern fells the valleys of Fordingdale, Swindale and Wet Sleddale are considered to
have nourished glacier ice during the Loch Lomond Stadial, again indicating that the Loch
Lomond Stadial in the Lake District was far more widespread than initially indicated by Manley
(1959) and Sissons (1980a). At these 3 locations Wilson and Clark (1998) note that despite the
upslope limits of glaciation being unclear due to a lack of geomorphological evidence, the

downslope limit provides sufficient evidence to propose glacier occupation of the 3 valleys.

Wilson and Clark (1999) have also investigated a further four sites in the northern Lake District
where Loch Lomond Stadial glacial and periglacial debris accumulations are present. Three of
these sites, Nine Gills Comb, Great Cockup and Dale Beck — Yard Steel, are considered to be the
result of glacial deposition during the Loch Lomond Stadial. However, the deposits at Dale
Beck — Clints Gill-Blea Gill are considered to be remnants of a protalus rampart due to their
morphology, location and close proximity to the foot of the back slope (Wilson and Clark,

1999).

Further moraines are noted by Clark (1992) on the northern side of the Kirkstone Pass in the
eastern Lake District however he did not reconstruct the associated Loch Lomond Stadial
glaciers. Clark (1992) records the presence of moraines throughout Dovedale in Caudale Cove
on Caudale Moor, around Brotherswater, below Black Crags and Dove Crag and around
Hayswater. Extensive ground moraine is also present throughout Dovedale along with
numerous moraine ridges which can be traced along the hillsides and are assumed to make the
maximum extent of the Loch Lomond Stadial glaciers in the area. Figure 7.4 below provides a
compilation of the Loch Lomond Stadial glacier reconstructions that have occurred in the Lake
District and are believed to most accurately represent the maximum extent of the glacial

occupation in the Lake District during the Stadial.
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Figure 7.4: The reconstructed Loch Lomond Stadial ice occupation of the Lake District
according to McDougall (1998), Sissons (1980), Pennington (1978) and the current
author. Figure digitised and modified from original sources.

OVERSIZE FIGURE APPEARS AT END OF THESIS
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7.2 Regional glaciation in the Lake District

Figures 7.4 and 7.5 provide compilations of the work of McDougall (1998), Sissons (1980),
Wilson and Clark (1998: 1999), Pennington (1978) and the current author. The map assumes
that the most recent interpretation of the ice in the Lake District during the Loch Lomond
Stadial as a plateau icefield is correct. The plateau icefield replaces a series of alpine glaciers
that were proposed by Sissons (1980) in the central fells. Away from the central fells, the
maps indicate a more alpine style of glaciation where plateau summits are less extensive or are
not present. These glaciers, which are shown in green, are digitisations of the glaciers
proposed by Sissons (1980). In the far eastern fells near Haweswater, the glaciers
reconstructed by Wilson and Clark (1998) in Fordingdale, Swindale and Wet Sleddale are also
included. In the northern fells near Skiddaw, three glaciers reconstructed by Wilson and Clark

(1999) occupy Nine Gills Comb, Great Cockup and Dale Head-Yard Steel.

In addition to this, the work of the current author has also been included to fill the area not
covered by McDougall (1998) in the south-west Lake District. The glaciers in Mosedale,
Lingmell Beck, Lingmell Gill and Widdygill Foot all remain independent of the central plateau
icefield. The glaciers in Upper Eskdale and Red Tarn/Wrynose Bottom however are connected
to the plateau icefield at ice divides to the east and west of Esk Pike and to the north of Red
Tarn respectively. The glacier at Red Tarn joins onto the ice occupying Oxendale across an ice
divide in a similar arrangement to that suggested by Sissons (1980) for the Oxendale/Red Tarn
area. The glacier in Upper Eskdale has a northern margin around Esk Pike at two ice divides.
On the northern side of the ice divides some modification of the reconstruction provided by
McDougall (1998) was necessary in order to make it more compatible with the presence of a
glacier in Upper Eskdale. Since fieldwork was not carried out around Allen Crags (785 m OD)
the reconstruction in this area is based purely on that provide by Sissons (1980). This leaves
Allen Crags as a nunatak and extends the southern margins of the Langstrath and Grains Gill

glaciers further south to meet the Upper Eskdale glacier at the ice divides.

Further west around Lingmell Beck, the reconstruction provided by McDougall (1998), which
shows ice covering Styhead Tarn, also required some modification. Pennington (1978)
provides evidence for an ice free environment at Styhead Tarn during the Loch Lomond
Stadial. This evidence was dismissed by McDougall (1998) as unsubstantive: however the

current author disagrees.

Palynological analysis has been carried out at 35 sites in the Lake District by Pennington (1978:

1996). The sedimentology and associated pollen assemblages at each of these sites, all of
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which are shown on figure 7.2, were used to establish the environmental conditions during the
Loch Lomond Stadial, Lateglacial Interstadial and earlier. At Styhead Tarn, clay, believed to be
of Loch Lomond Stadial age, overlies a slightly organic silt of Interstadial age, which overlies a
series of pre-Interstadial clays. Styhead Tarn is the highest altitude tarn in the Lake District
which does not show stratigraphic disturbance during the Interstadial but just slight
disturbance in the uppermost section of the core which is believed to be associated with ice
melt at the close of the Loch Lomond Stadial. The core taken from Styhead Tarn can
essentially be split into 3 sections. The upper boundary of the pre-Interstadial clay lies at ~ 55
cm depth. Above this 18 cm of organic silt is represented in the pollen record by an increase in
Betula, Cyperaceae, Juniperus and Emptrum during the Interstadial. At a depth of 37 cm an
abrupt transition into the Loch Lomond Stadial clay is seen and is accompanied by a reduction
in Betula, Cyperaceae, Juniperus and Emptrum and an increase in Artemsia. This core
therefore provides a high resolution (1 cm sampling spacing) record of the pre-Interstadial to
early Holocene environment around Styhead Tarn. Coring at Styhead Tarn by the current
author unfortunately did not reveal a similar sedimentological record to that of Pennington
(1996): however it did not provide any evidence upon which to question the findings of
Pennington (1996). It is believed that the core retrieved from Styhead Tarn by the current
author contained pre-Interstadial clay throughout its entire length. Further investigation
would therefore have been preferable however a thick layer of gravel and lack of equipment
by which to reach the centre of the lake made this unachievable. The grounds upon which
McDougall (1998) therefore dismisses Styhead Tarn as an ice free site during the Loch Lomond
Stadial can easily be questioned. It is therefore suggested that the record provided by

Pennington (1996) is far more robust than an argument to the contrary.

The modified map therefore shows the glacier in Lingmell Beck as independent of the main
plateau icefield with the area around Styhead Tarn as ice free during the Stadial (figure 7.5). In
order to achieve this, ice descending from between Great Gable and Green Gable down Aaron
Slack was shortened to form a tongue immediately to the west of Styhead Tarn. Ice to the
north of the tarn was also modified to form a tongue of ice in Styhead Gill which leaves
Seathwaite Fell (601 m OD) ice free. Neither of these modifications were based on
geomorphological evidence collected by the current author, they are simply the most
reasonable modifcations to the reconstruction provided by McDougall (1998) which allow an
ice free environment at Styhead Tarn. By providing an ice free environment at Styhead Tarn,
the work of Pennington (1976: 1996) noted above can be successfully incorporated into the
regional LLS reconstruction for the whole Lake District. It is acknowledged that further

investigation into the LLS conditions at Styhead Tarn is now necessary before further
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refinement of the LLS ice margins in the area can be achieved. Further investigation should
prioritize the need for a chronological control on the stratigraphy reported by Pennington
(1976: 1996) at Styhead Tarn. Unfortunately, however, this was beyond the scope of this

project.

A further much smaller addition to figure 7.4 occurs around Redacre Gill where inspection of
the moraines around the ice margin proposed by McDougall (1998) reveals moraines further
south than the proposed ice margin (see figure 7.4). These moraines show similar
morphological characteristics and magnitude to the moraines deemed elsewhere in this study
to be of Loch Lomond Stadial origin and thus the ice margin has been extended south. Due to
time constraints, the limits of the plateau icefields proposed by McDougall (1998) have not all
been reconsidered here. Further work would therefore be valuable on the ice margins,

particularly around areas such as Blea Tarn where an unusually shaped ice lobe is shown.
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Figure 7.5: The reconstructed Loch Lomond Stadial ice occupation of the central Lake
District according to McDougall (1998), Sissons (1980), Pennington (1978) and the
current author. Figure digitised and modified from original sources.

OVERSIZE FIGURE APPEARS AT END OF THESIS
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Crucially, the core retrieved from Styhead Tarn by Pennington (1978) has no dated chronology.
Although Pennington (1978) indicates the presence of a Lateglacial tripartite sequence in
Styhead Tarn which suggests an ice free environment at the Tarn during the LLS, the local
topographic and geomorphological context may be taken to suggest that the area was beneath
ice during the this period. The work of Pennington (1978) cannot be rejected on the basis of a
lack of chronological control as this work is the most detailed evidence to date pertaining to
the environmental conditions around Styhead Tarn during the LLS, however, an alternative
glaciological reconstruction in presented below which assumes that ice did occupy the tarn
during the LLS (figure 7.5). In this scenario, ice would have developed over the summit
Glaramara and flowed radially outwards including west towards Styhead Tarn before turning
north due to the presence of an ice divide trending north-west to south-east from Green Gable
to Allen crags. To the south of this ice divide, ice over Styhead coalesced with ice in Lingmell
Beck thus implicating the Lingmell Beck glacier reconstruction presented in chapter 4 in the
plateau icefield presented by McDougall (1998). The are around Styhead Tarn would therefore

have acted as an ice source area.

Because of the uncertainty surrounding the stratigraphic record found in Styhead Tarn by
Pennington (1978), further work is clarly required in the area in order to determine whether or
not Styhead was ice free during the LLS. This information will then facilitate a more accurate
and informed glaciological reconstruction in the vicinity of Styhead Tarn during the LLS i.e.

which of the two reconstructions presented here (figure 7.4b or 7.5) is most appropriate.
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Figure 7.5: An alternative LLS ice reconstruction for the
area surrounding Styhead Tarn which involves the
Lingmell Beck glacier presented in chapter 4 being
connected to the plateau icefield proposed by

McDougall (1998).

7.3 Plateau icefields and palaeoclimate

7.3.1: Topoclimates and Plateau icefields

Manley (1955: 1959) demonstrated that a non-linear relationship exists between summit

breadth and the altitude of the firn line on adjacent glaciers (figure 7.6). The impact of this on

icefield formation is that as a summit becomes narrower, the altitude above the regional firn
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line required in order to retain snow cover increases (Manley, 1955). The form of a summit
will also strongly influence its ability to maintain permanent snow cover. Other factors
controlling icefield formation relate to the climatic conditions. As discussed in an earlier
chapter snowblow can often dictate the location of glacier formation however it should be
remembered that snowblow also involves the removal of snow from adjacent ground. Manley
(1955) notes that the proportion of snow removed by the wind can often result in snow/ice
becoming too thin to withstand radiation and other losses and hence snow/ice is unable to
persist in such areas to form an icefield. Interestingly Manley (1955) demonstrates this
phenomenon with application to the rounded summit of Ben Nevis where it is roughly
estimated that ‘the winter’s accumulation is of the order of one-half that which would prevail

in shelter below the summit’ (Manley, 1955, p. 453).

1000

500 -

Height of summit (m) above regional firn line

I I
500 1000
Breadth of summit (m)

Figure 7.6: As the breadth of a plateau summit decreases the height it must attain above the
firn line in order for it to support a plateau icefield increases. Taken from McDougall (1998)

originally adapted from Manley (1955).
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7.3.2: Plateau icefield landsystems.
As noted by Gellatly et al. (1988), in a study of Somerset Island Dyke (1983) suggested that
Quaternary landform development can be associated with one of four zones: terrain covered
by wet-based, highly erosive ice, terrain covered by dry-based, protective ice, nunataks that
remained ice-free, and post-glacial marine sediments. Furthermore each zone is associated
with distinctive geomorphology. Where wet based ice is found, ice-scoured bedrock and ice-
sculpted forms with subglacial channels and ice-marginal channels in the till and bedrock are
present. Contrastingly, where dry-based ice is found weathered bedrock and colluvium with
an absence of glacial erosional features but with development of ice-marginal channels cut
into weathered mantle is expected. Finally, weathered bedrock and colluvium with no ice-
marginal channels can be associated with periglacial environments (Gellatly et al., 1988). It is
therefore clear that temperature distributions have implication for glacial erosion and
deposition and consequently for the formation of glacial landforms (Hooke, 2005). Via
application of this theory, Rea et al. (1998) have derived a diagnostic landform assemblage
associated with plateau icefields. Plateau icefield geomorphology can often be very subtle
however if some parts of the plateau ice cover are above the pressure melting point and are
therefore erosive, moraines may result. Such situations are largely associated with valley
glaciers extending radially away from a central plateau region into lower altitude valleys. In
these cases extensive suites of ice-marginal and ground moraine can be expected with variable
inter- and intra-valley morphology. In the Lake District, ‘ice-marginal moraines and drift limits
have proved to be the single most important line of evidence in the search for palaeo-icefields’

(Rea et al., 1998, p. 49).

Blockfields are landforms particularly associated with plateau icefields and commonly consist
of ‘in situ angular boulders and stones up to several metres thick and formed through
mechanical and chemical weathering of the local bedrock’ (Nesje et al., 2007, p. 227). Rea et
al. (1996) have considered the origin of blockfields associated with @ksfjordjgkulen, a plateau
icefield in the Lyngen Alps Northern Norway where three hypotheses have been put forward
regarding their formation. Firstly it is possible that they may be postglacial features which
have evolved very quickly via a rapid freeze-thaw mechanism of bedrock exposed at the close
of the last glaciation (the Loch Lomond Stadial). This theory can however be quickly dismissed
as although a rapid freeze-thaw mechanism is plausible for softer carbonate rocks, this is not
the case for much more resistant igneous or metamorphic rocks such as the Borrowdale
volcanics in the Lake District. Similarly, the identification of many micro- and macro-scale

erosional bedforms which remain preserved today in ancient glaciated landscapes such as the
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British Isles make the suggestion of postglacial freeze-thaw action difficult to accept (Rea at al.,

1996).

Secondly, blockfield formation during the various stages of deglaciation throughout the
Pleistocene has been proposed notably by Nesje et al. (1988). This longer time period
accounts for the occurrence of deep weathering profiles and rounded debris however it does
not explain the relatively high abundance of clay minerals commonly found in blockfields
which would require weathering rates to be fairly rapid rather than prolonged (Rea et al.,
1996). Finally, a pre-pleistocene origin of blockfields has been proposed by various workers
including Nesje et al. (1988), Rea et al. (1996), Fjellanger et al. (2006) and Nesje et al. (2007).
This would involve blockfields first forming under temperate conditions followed by an
exposure to periglacial conditions with clay-mineral assemblages being interpreted as the
result of pre-glacial weathering. Rea et al. (1996) conclude by stating that blockfields are
composite landforms resulting from a combination of deep weathering under temperate
conditions and sorting by frost heaving processes, whereby corestones and coarser materials

are moved vertically up, under periglacial conditions.

7.4 Oxendale and Mickleden: glaciologically viable glaciers

Before completely dismissing the alpine style of glaciation proposed by Sissons (1980) in the
central fells, the glacier reconstructions should be tested. The glaciers proposed by Sissons
(1980) in both Mickleden and Oxendale were digitised and slighted modified in line with the
geomorphology (see figure 7.7 and 7.8). The valleys of Mickleden and Oxendale are large
glacial troughs in the central fells of the Lake District. They lie at the head of the Langdale
valley and both valley bottoms are occupied by extensive areas of linear moraines. Aerial
photographs reveal moraines with distinct crests and clear basal breaks of slope. Such
moraines are of a similar magnitude to those at the southern end of Upper Eskdale making the

glacier margins relatively simple to reconstruct.
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Figure 7.7: The Loch Lomond
Stadial in Oxendale
according to Sissons (1980)
and the current author. C:
the snowblow area
associated with the
Oxendale glacier. D: the
hypsometric curve of the
Oxendale glacier. E: the
distribution of surface area
over altitude of the
Oxendale glacier. F: a cross
sectional profile down the
long axis of the Oxendale
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Figure 7.8: The Loch Lomond
Stadial in Mickleden according to
Sissons (1980) and the current
author. C: the snowblow area
associated with the Mickleden
glacier. D: the hypsometric
curve of the Mickleden glacier.
E: the distribution of surface
area over altitude of the
Mickleden glacier. F: across
sectional profile down the long
axis of the Mickleden glacier.
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Suprisingly, the ELAs of the Mickleden and Oxendale glaciers (345 m OD and 518 m OD

respectively) differ by 173 m; a significant difference given that they are of similar size (2.82
km? and 3.44 km?) and aspect. The difference between the ELAs can therefore not be
accounted for by local topographic factors. For comparison, Sissons (1980a) provides ELAs of
407 m OD and 511 m OD for the Mickleden and Oxendale glaciers respectively. Again these
ELAs differ significantly (by 104 m) for glaciers for which the ELAs could be expected to show

little variation.

The large difference between the ELAs calculated by the current author can be explained in
two ways. Firstly, the larger difference in ELA could be associated with the slight changes
made to the digitisations of Sissons (1980a) work in order for the glaciers to be coherent with
the mapped geomorphology. Alternatively, the difference could relate to the difference in the
ELA calculation methods used by the current author and Sissons (1980a). While Sissons
(1980a) provides ELAs calculated solely using the AWMA method, the current author provides

values which incorporate the more sophisticated balance ratio method.

As shown in table 7.2A the AWMA calculated by the current author for the slightly revised
glacier reconstruction at Mickleden indicates an ELA of 383.8 m OD. This is just 23.2 m
different from that calculated by Sissons (1980a) which suggests that the changes to the
reconstruction provided by Sissons (1980a) have had minimal impact on the ELA and therefore
the large difference in ELA seen between the Mickleden and Oxendale glaciers. Furthermore,
it is likely that had Sissons (1980a) used the same method as the current author for the
calculation of the ELA, a large difference between the ELA of the Mickleden and Oxendale

glaciers would still have existed.

It is therefore concluded that the large, possibly unrealistic, variation in ELA seen between the
Mickleden and Oxendale glaciers is infact a function of an ‘unrealistic reconstruction’.
However, according to the model produced by Carr and Coleman (2007), both of the glaciers in
Mickleden and in Oxendale are glaciologically viable with both glaciers requiring 0 % basal
motion suggesting that they were able to move entirely by internal ice deformation or through
subglacial bed deformation. It would therefore seem that although the model of Carr and
Coleman (2007) suggests that the glaciers are independantly viable, in the context of the

regional glacial configuration, the reconstructions are not realistic.

With termini at least 4 km up valley of the nearest plateau icefield outlet terminus, both

glaciers lie under an extensive area of ice in the plateau icefield model presented by
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McDougall (1998). The reconstructions provided here may therefore be explained in a number
of ways. Firstly, these glaciers can be interpreted as a model of the minimum plausible extent
of the Loch Lomond Stadial glaciers in the Lake District e.g. Sissons (1980a), or alternatively,
these glaciers may represent a retreat phase of the Loch Lomond Stadial ice occupation of the

Lake District.

The first of these two options is highly unlikely since, as described above, the ELAs are rather
too variable for the reconstructed glaciers to have co-existed in very similar neighbouring
valleys. The latter of these two options is therefore favoured. This supports the suggestion
that ice in the Lake District during the LLS was much more extensive than that suggested by
Sissons (1980a) and is more likely to have followed a configuration similar to that indicated by
McDougall (1998). Further investigation into the development of plateau icefields in the Lake
District during the LLS is now required to confirm this. Most controversially however, these
reconstructions arguably provide a basis upon which to question to usefulness of the model

provided by Carr and Coleman (2007) in palaeo-glaciological reconstructions.

As previously stated, the ice surface contours were drawn perpendicular to the orientation of
ice flow suggested by the geomorphology. Because of this, a rather large step occurs in the
glacier long axis profile (figure 7.7F) at around 500 m which is perhaps not realistic. This
further supports the above discussion which suggests that the reconstructions for the
Mickleden and Oxendale glaciers may not be realistic based on their ELAs but also, as

suggested by figure 7.7F in the case of their long profiles.

7.5 Further plateau icefields in the Lake District

As is also the case with alpine-style glaciers, it is likely that further Loch Lomond Stadial sites
exist both in the Lake District and throughout the British Isles which simply remain
undiscovered. This is primarily the result of a lack of research, particularly in the most
inaccessible areas but in the case of plateau icefields is also compounded by the subtle nature

of the evidence with which to identify them.

This research has identified two valley glaciers in the vicinity of Wrynose Pass: the Red
Tarn/Wrynose Bottom glacier and the Widdygill Foot glacier. Both of these glaciers have been
proven to be glaciologically viable using the methodology outlined in chapter 4, however, the
location of moraines around these glaciers may suggest an alternative glacial arrangement.
Slightly above the calculated ELA of the Widdygill Foot glacier and across Wrynose Pass,
moraines are present. Since theoretically moraines cannot form in the accumulation zone of a
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glacier, another explanation must exist which accounts for the location of these moraines.
Firstly, the moraines may have formed during a deglacial phase. This idea does not in any way
provide evidence against the presence of the previously reconstructed independent alpine-
style glaciers in the area. Secondly, assuming that the moraines were formed at or close to the
peak of the Loch Lomond Stadial, the location of the moraines, which suggests that the
estimation of the ELA on the Widdygill Foot glacier is too low, may be a function of a
methodological problem in the calculation of the ELA. Such methodological problems may
include the location of ice surface contours or the lack of geomorpholgical evidence pertaining
to the precise location of the ice margin, in particular the maximum altitude of the glacier.
Further less substantial problems may be associated with the precise measurement of the

glacier surface area between each of the contours for example.

Alternatively, under the same assumption, both the Red Tarn/Wrynose Bottom and Widdyagill
Foot glaciers may have been outlet glaciers of a plateau icefield rather than independent ice
masses (figure 7.9). If this were the case then the ELA of the outlets would be raised, as
previously discussed, and the moraines in question would then be located in the ablation zone

of the outlet glaciers making their formation feasible.
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Figure 7.9: A potential plateau icefield
centred on Pike of Blisco in the south central
fells of the Lake District. This contrasts with

the ice arrangement shown in figure 7.5.

Furthermore, the development of a plateau icefield also accounts for the altitude of the

accumulation zone of the Widdygill Foot glacier which lies partially at the same altitude as the

ablation zone of the Red Tarn glacier. The difference in ELA between the Widdygill Foot and

the Red Tarn/Wrynose Bottom glaciers is ~ 150 m when they are reconstructed as

independent ice masses. This could be accounted for by the contrasting aspects of the two

glaciers however the presence of the terminus of the Widdygill Foot glacier at a particularly

low altitude can be more simply accounted for by the presence of a plateau icefield centred on

Pike of Blisco.
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According to Manley (1959), the width of a summit can be defined as the distance across the
peak from 30 m below either side of the summit in a windward direction. The summit of Pike
of Blisco is therefore 130 m wide. Assuming a regional ELA of 500 m OD in line with that
estimated by McDougall (1998), the summit of Pike of Blisco lies 205 m OD above the regional
ELA. On Manley’s curve (see figure 7.6), this sits below the suggested height and width at
which a summit can support a plateau icefield. When compared with the summits on which
McDougall (1998) proposes plateau icefields however, Pike of Blisco lies in a similar position on
Manley’s graph and thus it is considered that Pike of Blisco has the potential to support a

plateau icefield.

In order to determine the thickness of the ice on the summit of Pike of Blisco, figure 10 below,
taken from Rea et al. (1998), was used (figure 7.10). Using the minimum distance of Pike of
Blisco from the ice margin, this method suggests an ice thickness of 95 m on the summit of
Pike of Blisco which is almost double that proposed by McDougall (1998) on the much broader
summit of High Raise in the central fells. A reduced ice thickness of 40 m was therefore
assumed over the summit of Pike of Blisco which is more in line with that suggested by
McDougall (1998) for High Raise, Dale Head/Grey Knotts and Brandreth. The relatively narrow

summit of Pike of Blisco implies that ice could have been even thinner than this.

250
200 +
150 +

100 +

Ice thickness (m)

0 : : ; + i
0 1000 2000 3000 4000 5000
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Figure 7.10: A parabolic ice surface profile indicating the approximate ice thickness of a
plateau icefield with the distance of the summit from the ice margin. Taken from Rea et al.

(1998).
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Assuming 40 m of ice on the summit of Pike of Blisco, an ELA of 511 m OD and 431 m OD have

been calculated as the mid-altitude ELAs of the Red Tarn/Wrynose Bottom and Widdygill Foot
glaciers respectively. These conform well with the regional ELA of 500 m OD suggested by

McDougall (1998).

The idea of a plateau icefield also still does not account for the moraines present above
Widdygill Foot which are shown in purple on figure 6.21b since these moraines would still be
located well above the ELA of the plateau icefield/outlet glaciers. This further supports the
argument that these moraines were formed during an earlier glacial episode. However, if this
is the case, then their survival below a plateau icefield seems ambitious despite the presence
of cold based ice in the area. An ice free region around Pike of Blisco is therefore required in
the LLS reconstruction in order to account for the presence of moraines above Widdygill Foot.
This line of evidence therefore favours the reconstruction presented in chapter 6 which

involves independent glaciers in Widdygill Foot and Red Tarn rather than a plateau icefield.

Aside from the ice over Pike of Blisco being implausibly thick according to figure 7.10 and the
need to account for the moraines just below the summit, a number of other problems exist
with the reconstruction shown in figure 7.9. Firstly, there is no field evidence to support the
suggestion of a plateau icefield on the summit of Pike of Blisco and evidence from aerial
photographs is very limited. ldeally, extensive field investigation involving the use of a reliable
dating technique is now required to resolve the uncertainty surrounding the ice extent around
Pike of Blisco during the LLS. Furthermore, the summit of Pike of Blisco is very narrow and the
sides of the summit very steep. This contrasts with the summit of other proposed icefield
supporting summits such as High Raise which has one of the broadest and flattest summits in
the Lake District. Finally, the summit of Pike of Blisco is relatively exposed, particulary to the
south-west; the direction from which winds were dominant during the LLS. This would have
encouraged snowblow to the north and may have impeded the sustenance of the plateau
icefield on the summit of Pike of Blisco. The morphology of the summit of Pike of Blisco may
have compounded this problem as the chances of snow being removed from the summit
rather than just relocated on it would have been much greater than on a much wider summit

such as that of High Raise.

Problems therefore clearly exist with the suggestion of a plateau icefield centred on Pike of
Blisco. Consequently, the above reconstruction shown in figure 7.9 should be taken as a first
approximation of a potential plateau icefield in the area which requires further investigation.

The above reconstruction is essentially based upon the location of the down-valley
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geomorphology; also the basis for the reconstruction provided in chapter 6. It should be
highlighted that the geomorphology associated with the upper limit of the ice particularly on
the summit of Pike of Blisco has not been considered with respect to the presence of a plateau
icefield in the field as a result of time constraints and thus there is an opportunity for further

research here.

7.6 National and regional ELA trends

According to Manley (1959), climate during the Loch Lomond Stadial was often much more
unsettled than today. Mean summer (June to September) air temperature during the Stadial is
suggested to have been ~ 6.3°C, and ~ 7.5°C in July, along the shores of Windermere (Manley,
1959). This is substantially lower than the present day mean summer temperature of ~ 14.1°C.
Since colder air is able to hold less moisture than warmer air, saturation of the air during the
Stadial is likely to have occurred more regularly and thus, both the amount and frequency of
precipitation was greater. A feature of this frequent precipitation would have been the
occurrence of low cloud throughout the year. This is likely to have been the result of more
vigorous atmospheric circulation than present, implying a more maritime influence, when the
junction of polar water and relatively warm North Atlantic Drift water was in the vicinity of the
British Isles around the latitude of south-west Ireland (Ruddiman et al., 1977). It is suggested
by McDougall (2001) that a mean annual precipitation of 2000-2500 mm yr ' was feasible given
the environmental parameters above. Furthermore, four fifths of this precipitation falling
above or at the ELA fell as snow (Manley, 1959). This compares with a present day value of ~
4000 mm yr™ of precipitation estimated by Sissons (1980a) around Scafell in the western Lake
District. Manley (1959) suggests that the nearest present day climate analogy to the Loch

Lomond Stadial is the very wet south-eastern fjords of Greenland.

Reconstructed ELAs from across Scotland, northern England and Snowdonia indicate a general
eastward rise across the Western Highlands and Inner Hebrides (Sissons, 1980b). This can be
attributed to the progressive eastward decline in precipitation across the area which is
believed to have been associated with south to south-westerly winds during the Stadial
(Ballantyne, 1989). A linear northward ELA decrease of 68.5 m/100 km is also observed along
the western seaboard of Great Britain relating to a northward decrease in ablation-season
temperatures (Manley, 1949). This trend is further identified by Ballantyne (2006) who,
assuming an environmental lapse rate of 0.006°C m™, equates this to a southward ablation-
season temperature rise of 0.42°C/100 km. Figure 7.11 below indicates the linear relationship
between latitude and ELA when calculated using the AWMA method along the western coast

of the British Isles. A favourable r’ value of 0.906 indicates that 90.6 % of the total variance in
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mean ELA across western Britain is attributable to the variation in latitude. Mean ablation-
season temperature has therefore been inferred by Ballantyne (2006) as 1.2°C higher in

Snowdonia than on Arran and 1.9°C higher than on the Isle of Skye during the Stadial.
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Figure 7.11: The relationship between ELA and latitude using data from Skye (Ballantyne,
1989), Rhum (Ballantyne and Wain-Hobson, 1980), Mull (Ballantyne, 2002), Arran
(Ballantyne, 2006), south-west Scotland (Cornish, 1981), the Lake District (Sissons, 1980a)

and Snowdonia (Gray, 1982). Figure taken from Ballantyne (2006).

Within-region ELA variation however is often more difficult to explain. Sissons (1980a) records
no statistically significant ELA pattern within the Lake District and a similar problem is
encountered on the Isle of Arran where, more recently, Ballantyne (2006) is unable to find any
clear ELA trend across the island. Both of these regions cover relatively small areas and thus
palaeotemperature and palaeoprecipitation variations are expected to have been minimal.
Consequently, the largest ELA variations must reflect variation in local topographic
characteristics. These characteristics influence two key aspects of glacier nourishment: snow
accumulation (via snowblow or avalanching) and ablation (through shading from insolation)

(Ballantyne, 2006).

In the Lake District, the insolation factors of the 64 glaciers reconstructed by Sissons (1980a)
show a pronounced regional pattern. The insolation factor provides an indication of the
favourability of the glacier’s location with respect to its altitude, aspect, surface gradient and
the proportion of direct solar radiation reflected from the glacier’s surface. A high insolation
factor indicates an adversely located glacier which received a large amount of insolation and
vice versa (Sissons, 1979). In the Lake District the lowest insolation factors can be found in

the north-west Lake District with the highest insolation factor being 10.9. Glaciers therefore
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existed in areas of lowest insolation but, as a result of lower snowfall in the area, were also
much smaller than glaciers elsewhere in the Lake District. These glaciers contrast with those in
the central fells which, according to Sissons (1980a) reconstruction, were much larger than
those in the south-west. Insolation factors were also much greater in the central fells, with the
lowest insolation factor being 10.3 and several insolation factors > 14. In the southern Lake
District small glaciers, similar in size to those in the north-west Lake District, are found but are
associated with much greater insolation factors. In the central fells, the potential for a greater
degree of cloudiness may explain the larger glaciers with lower insolation factors; however,
over small distances this cannot solely explain the variation. Crucially, in the southern Lake
District despite glaciers being of a similar size and ELAs of a similar altitude, insolation factors
were much higher.  This implies that another factor was compensating for the

disadvantageous higher insolation factors (Sissons, 1980a).

Higher precipitation in the southern Lake District is the obvious explanation for this variation
and is supported by the occurrence of a west-east mountain belt which will have induced
orographic precipitation. However, variation in the central fells cannot be explained by this
alone. Consequently, localised variation in the contribution of the various components of

mass input to the glaciers, such as direct precipitation or snowblow, must occur.

7.7 The effect of snowblow on glacier development

Snowblow areas have been calculated for the six glaciers reconstructed here and for the 64
glaciers presented by Sissons (1980a). Mitchell (1996) notes that when there is a dominant
wind direction such as during the Loch Lomond Stadial, snowblow may be critical in areas
marginal to glaciation such as the Lake District. Of the six glaciers reconstructed Lingmell Beck
had the highest snowblow area to glacier area ratio followed by the Mosedale glacier. It is
important to consider however that large potential snowblow areas will not have had equal
opportunity to contribute snow to the glacier throughout their area, with areas further away
from the glacier less likely to add mass to the glacier (Mitchell, 1996). Sissons (1980a)
therefore suggests that calculating the snowblow factor, i.e. the square root of the ratio,
provides a solution to this problem. Furthermore, regression of snowblow factors against ELA

reveals a series of interesting relationships (see figure 7.12i below).
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Figure 7.12i: Bivariate plots showing the relationship between snowblow factor and ELA in

the six quadrants for the Mosedale, Lingmell Gill, Widdygill Foot and Red Tarn glaciers.

Figure 7.12i above shows the relationship between snowblow factor and ELA (m OD) for just
four of the glaciers presented in chapters 5 and 6. The Upper Eskdale glacier has not been
included in the above correlation since the accumulation area of the glacier faces almost
directly south. This means that the glacier was vulnerable to high insolation factors and direct
exposure to southerly winds. Furthermore criteria 5 in section 3.1.4 indicates that potential
snowblow area can only include those areas which lie windward of the glacier surface i.e. in
the south-east, south-west or southern quadrants. The Upper Eskdale glacier had potential
snowblow area within these three quadrants and thus it is unlikely that it was aided by
snowblow. The Lingmell Beck glacier is also omitted from the correlations since the snowblow
factors associated with this glacier appear particularly anomalous amongst all of the snowblow

factors of all the other glaciers.
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Figure 7.12i indicates that the strongest correlation between snowblow factor and ELA (m OD)
occurs in the south-west quadrant. An inverse relationship between snowblow factor and ELA
provides and r? value of 0.95 which is statistically significant at the level of 0.05. This indicates
that 95 % of the total variance seen in the ELA across the Lake District is attributable to the
variation in the snowblow factor associated with the south-western quadrant. Hence, as the
snowblow factor increases the ELA (m OD) decreases indicating that the ablation area of the

glacier is able to descend to lower attitudes as a result of the extra mass accumulation.

In the north-western quadrant the relationship between the snowblow factor and the ELA
provides an r® value of 0.81. Although this is not statistically significant at the level of 0.05, the
large error margins associated with the reconstruction of palaeo-glaciers, the delimitation and
calculation of snowblow area and the association of snowblow with a number of variables
including local topography, leads the author to suggest that this is a pleasing correlation. The
correlation in the north-western quadrant indicates that 86 % of the total variance seen in the
ELA across western Britain is attributable to the variation in the snowblow factor associated
with the north-western snowblow quadrant. Initially, it appears that although this is
statistically a reasonable correlation, in practice winds from the north-west were rare during
the Stadial. It is therefore concluded that as a result of the particularly steep topography in
the Lake District this relationship may have been explained by avalanching rather than

snowblow.

In the south-east quadrant a positive correlation is found between the snowblow factor and
the ELA. An r value of 0.80 indicates that 80 % of the variance of the ELA is attributable to
variation in the snowblow factor for the south-east quadrant. Unlike the southern quadrant
however, this positive correlation indicates that as the snowblow area increases the ELA also
increases. This indicates that despite an increase in snowblow area, the mass of snow being
input to the glacier is unaffected or potentially decreased, and is reflected by a coincident rise
of the ELA. Firstly, assuming that an increase in snowblow area does not affect the ELA in the
south-east quadrant, then it is likely that winds from the south-east were simply not involved
in glacier development and sustenance during the Stadial. Alternatively, the effect of the local
topography surrounding the Lingmell Beck, Lingmell Gill, Mosedale and Widdygill Foot glaciers

may explain why such a strong positive correlation is found for the south-east quadrant.

Of particular note, with respect to local topography, is the apparent lack of plateau surfaces
around the glaciers. This contrasts with glaciers such as those proposed by Sissons (1980a)

near Dunmail Raise and Ullscarf which lie on the north to north-eastern side of the extensive
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plateau area of High Raise in the central fells. Examples include the Lingmell Beck and Lingmell
Gill glaciers which are surrounded by the steep, sharp peaks of the Scafell range. It is also
possible that where such high, large mountain ranges occur that they act as barriers between
the glacier and the oncoming wind/precipitation causing snow to accumulate on the windward
side of the range. In this situation it would then be difficult for snow to move steeply uphill
and settle on the leeward side of a range in order to be in a position favourable for snowblow.
In such a situation where very steep ground surrounds a glacier it is also likely that avalanching
as oppose snowblow may have occurred. Itis suggested that this may have occurred along the
Scafell range and thus, depending on wind direction, have favoured either the Upper Eskdale
or the Lingmell Beck/Lingmell Gill glaciers. Another potential reason why the snowblow
factors associated with the south-east quadrant of these glaciers may not be ideally
representative of snowblow area within the south-east quadrant on a regional scale is that
areas of very steep ground often reduce the distance away from the glacier from which snow

can be blown and thus produces apparently anomalous results.

In the south and western quadrants very weak negative correlations are found (see figure
7.12i). R? values of 0.28 and 0.56 are recorded for the two quadrants respectively. These
correlations are therefore inconclusive and do not indicate that snowblow during the Stadial
was associated with either southerly or westerly air streams to any great degree. Evidence
provided by Mitchell (1996) however statistically proves that snowblow in the North Pennines
was associated with more westerly winds that is suggested by figure 7.12i. It is therefore
inferred that local topographic factors combined with the regional precipitation pattern mean
that the four glaciers tested here do not provide a sample representative of the effect of

snowblow on ELA on a regional or national scale.

The assumption that the wind must come from the opposite orientation to aspect of the
palaeoglacier however is inherently floored. This implies that glacier aspect is purely
controlled by wind direction; however factors such as the degree of shading or continentality
can also be influential. Of these, shading is the simplest to assess. Figure 7.12ii below
indicates the combined effect of wind direction and shading on the resulting glacier aspect. In
the northern hemisphere, in the absence of any wind, glacier aspect can be assumed to face
directly north and hence shading is from the south. Where wind from the east of an equal
influence on glacier aspect to the degree of shading occurs, the resulting glacier is expected to
face north-east. Similarly, where a strong wind from the west-south-west occurs in a location
of poor shading, the resulting glacier is assumed to have had an aspect facing approximately

east-north-east. Such a wind direction is similar to what is expected to have occurred during
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the Loch Lomond Stadial in Britain. It is also possible however that a north-westerly wind
could have also resulted in a glacier with an aspect in the north eastern quadrant. For
example, where a moderately strong north-westerly wind occurs over an area with a high

degree of shading, the resulting glacier can be expected to face east-north-east.
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Figure 7.12ii: The effect of shading and wind direction on glacier aspect. A: easterly wind
with equally strong degree of shading, B: a moderate west-south-westerly wind with

proportionally stronger shading, C: strong north-westerly wind with poor shading.

In the Lake District, many of the glaciers reconstructed by Sissons (1980a) have aspects within
the north-eastern quadrant (i.e. between 0 and 90°), particularly those in the eastern fells.
Although wind from the north-west are less likely to have occurred during the Stadial than
those form the south to south-west, short periods of north-westerly winds may have also
contributed to the development of glaciers with north-easterly aspects. This lays into question
criteria 5 in the definition of potential snowblow area, however, without a means by which to
quantify the other contributing factors such as shading or continentality then this definition
provides the most pleasing method by which to quantify the influence of snowblow on glacier

development.

-229 -



VICTORIA BROWN CHAPTER 7: DISCUSSION

In conclusion, snowblow in the south-west Lake District is believed to have been associated
with air streams slightly west of south based on the bivariance of snowblow factor with ELA (m
OD). This corresponds well with work by various authors throughout the 20" century which
suggests that winds during the Stadial were from the south or south-west. Sissons (1980b)
notes that such snowblow is likely to have been most important during the time when snow
was falling and for a time after snowfall had ceased. In an attempt to increase the sample size,
data from Mitchell (1996) was added to figure 7.12i: however only a series of very weak
correlations were produced with the highest r’ of just 0.62 being associated again with the
southern quadrant. Furthermore, the snowblow factors taken from Mitchell (1996) are
consistently lower than those calculated by the current author but do show similar positive or
negative relationships. This is assumed to be the result of variation in the
methodology/criteria used to identify potential snowblow area and the more inland location of
the glaciers considered by Mitchell (1996). As a result, the correlations produced are
weakened, however, if the criteria outlined in chapter 3 for snowblow area identification were
also applied to the North Pennines glaciers, it is hoped that the more consistent approach

would provide more comparable and thus statistically significant results.

7.8 Problems associated with the Benn and Gemmell (1998) and Osmaston (2005)
spreadsheets for the calculation of the ELA via the balance ratio method.
The spreadsheet provided by Benn and Gemmell (1997) is suggested by Osmaston (2005) to
over estimate ELAs. It was found however, that to some extent, the spreadsheet which
produced the highest values for the ELA was dictated by the hypsometry of the glacier in
question. In general, the Benn and Gemmell (1997) spreadsheet produced lower ELA values
than the Osmaston (2005) spreadsheet where the glacier’s long axis was not linear. Examples
of where this is the case include Lingmell Beck, Mickleden and Upper Eskdale. This suggests
that rather than the Benn and Gemmell (1997) spreadsheet consistently overestimating the
ELA, the two spreadsheets are simply better at coping with different hypsometric situations.
Consequently, values from either the Osmaston (2005) spreadsheet or the Benn and Gemmell
(1997) spreadsheet were used in the calculation of the final ELA, not both. The decision of
which to use was dictated by the hypsometry of the glacier and the agreement of the values

produced with those produced via the AAR and AWMA methods.

Unfortunately due to the Benn and Gemmell (1997) spreadsheet being written in Visual Basic
embedded within MS Excel, the precise cause of the different outputs of the two spreadsheets
are difficult to explain mathematically, however, two reasons aside from the glacier

hypsometry (discussed above) will now be outlined qualitatively.
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Firstly, the location of the snout and the upper end of the glacier might result in inaccuracies.
The spreadsheet assumes that the glacier extends from the lowest contour down to an altitude
infinitesimally close to the highest contour which does not cross glacier ice. There is thus no
difference in the altitude range of a glacier which just gets below the 100 m contour on a map
with a 20m contour interval for example, and a glacier which extends down to 81 m in terms of
the methodology in the Benn and Gemmell (1997) spreadsheet. The converse applies at the
upper end of the glacier, and the impact may be even more striking if the ice emanates from a
plateau icefield, where there may be a very large area of ice between the highest contour to
cross the glacier and the actual highest altitude of the ice-body. The larger the contour interval
the greater the potential error in the ELA calculation (Gemmell, pers comm.). In the case of
the Widdygill Foot glacier, the snout of the glacier is located on a rather flat area of land where
the highest contour which does not cross glacier ice may be some distance from the snout: a
potential source of error compared to the other reconstructed glaciers. This problem however
does not address the reason why the Osmaston (2005) and Benn and Gemmell (1997)
spreadsheets produce such different results for some of the glaciers reconstructed as both

methods follow the above procedure.

The most likely source of variation in the output of the two spreadsheets is the methodological
differences in the iterative technique used to solve the problem where the balance ratio is not
equal to 1. Both spreadsheets calculate the ELA through a series of trial calculations, each
time adjusting the results obtained until the balance sum comes to zero. This is a manually in-
built function of the Osmaston (2005) spreadsheet however the Benn and Gemmell (1997)
spreadsheet uses the Excel ‘Goal Seek’ tool to perform the successive approximations. ‘Goal
Seek’ is a tool for solving equations iteratively where various inputs (the BR) are trialed until
the desired output (the ELA) is reached. To calculate a single ELA, a first approximation for the
ELA is fed into both of the spreadsheets and any adjustment to the approximated ELA is
calculated. The adjusted value is then fed into the spreadsheet again repeatedly until two
consecutive values are the same, i.e. the spreadsheet has converged upon the ‘solution’. In
the Osmaston (2005) spreadsheet this is done manually through a series of formulae written
into the speadsheet by the author, however in the Benn and Gemmell (1997) spreadsheet this
is process is carried out using ‘Goal Seek’. It is possible that ‘Goal Seek’ allows error into the
methodology if, for example, it takes the nearest integer at each iteration. This error would
therefore be magnified with each further iteration and may account for the two spreadsheet

producing rather different results.
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7.9 Calculation of the ELA using multiple methods

As highlighted in the thesis, the methods of Osmaston (2005) and Benn and Gemmell (1997)
can provide different ELAs for the same glacier. As shown in table 7.3 below, the two methods
provide ELAs which differ by up to 149 m in the case of the Widdygill Foot glacier. With such
large differences between the results of the two methods, it would not be appropriate to use
both methods in the calculation of single glacier’s ELA. Instead just one method has been used
depending on the glacier hypsometry and then averaged with the AAR (65 %) and AWMA
methods in order to smooth and allow comparison between the final results. This also allows
the results to be comparable to those of the largest regional glacier reconstruction in the Lake

District by Sissons (1980a).

Glacier name a. Benn and Gemmell (1997) (m) b. Osmaston (2005)(m) a-b(m)
Mosedale 528.28 526 2.28
Lingmell Beck 546.76 530 16.76
Lingmell Gill 604.65 666 -61.35
Upper Eskdale 473.72 505 -31.28
Widdygill Foot 332.36 482 -149.64
Wrynose Pass 497.99 462 35.99
Oxendale 551.83 504 47.83
Mickleden 354.41 446 -91.59

Table 7.3: The ELAs of glaciers in the South-West Lake District calculated using the methods

of Benn and Gemmell (1997) and Osmaston (2005) with a BR of 1.6.

-232-



VICTORIA BROWN CHAPTER 7: DISCUSSION
A R2-09208 B R?=0.9794
200 200
700 £ 700 /D
600 ra 600 ’{
T s00 = 500
g 5 e
1]
s 4 7 E a0 !
w -]
g 300 5 300
200 200
100 100
4] T T T ] 0
200 400 600 800 200 400 600 800
BG 1.6 ELA (metres) AWMA (metres)
C R'=0.8941 D R?=0.8676
200 800
700 ¥ 700 /.
600 / 600
- o K
2 500 o Z 500 /
/ : d
§ 400 ‘y < o0 L 2
s
2 100 Z 300
200 200
100 100
o 0
200 400 600 80( 200 400 600 800
BG 1.6 (metres) 0Osm 1.6 (metres)
E R*=05143 F R*=0.9743
800 800
700 700
* /
600 600
T soo J % so0 g/
g e 2 /
o 400 = 400 ’/
s a8
= <
g 300 E 300
200 200
100 100
0 o . . . )
200 400 600 800 200 400 600 800
BG 1.6 (metres) VHB [metres)

Figure 7.13: Regression of the results provided by the Benn and Gemmell (1997), Osmaston
(2005), the AWMA and AAR (65%) methods and the values used in the thesis. Note that
figure 1D only has 7 data points due to the removal of Widdygill Foot (see below text for

explanation).
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The relationship between the ELA used and the ELA provided by the spreadsheet of Benn and
Gemmell (1997) is shown in figure 7.13. A favourable r® value of 0.92 suggests a close linear
relationship between the two variables. Similarly, the slope of the trendline in figure 7.13 is
1.13 indicating that ratio between the two variables is close to 1:1; that is, the methods

produce very similar values.

Further regression reveals similar favourable relationships between the AWMA and AAR (65%)
methods, the ELA used in the thesis, and the AABR methods of Osmaston (2005) and Benn and
Gemmell (1997). Of these correlations (shown in figure 7.12A, B, C, D and F above), r* values
of 0.92, 0.98, 0.89, 0.87 and 0.97 (all taken to 2 decimal places) respectively indicate a very
credible series of relationships. Most significantly, the regression of the results from the AABR
method, where BR = 1.6, of Benn and Gemmell (1997) and Osmaston (2005), as shown in
figure 1E, produces the least favourable r* value of all the relationships. In contrast to the
above noted r? values, figure 7.13E produces an r* value of 0.51; a value from which a number

of conclusions can be drawn.

Firstly, the weaker correlation may indicate that the sophisticated AABR method (which
accounts for glacier hypsometry and variable mass balance gradients) is currently dependant
on the particular methodology used for calculations, with different methodologies producing
rather different ELAs for the same glacier. The trendline slope of figure 7.13E, which suggests

that x increases as 0.51 times y, is symptomatic of this issue.

Alternatively, as suggested above, this relationship may indicate that the speadsheets of Benn
and Gemmell (1997) and Osmaston (2005) are simply better at coping with different
hypsometric situations. For example, the thesis uses the Benn and Gemmell (1997) calculation
of the AABR in the calculation of the mean ELA for the Widdygill Foot glacier. As shown in
table 1 this glacier has the largest discrepancy between the two AABR methods. Regression of
the Osmaston (2005) ELAs against the AWMA ELAs indicates a weak relationship between the
two variables (r* = 0.66), however if the Widdygill Foot glacier is removed from the regression
then figure 1D results and a much more favourable relationship is implied by the r* value of

0.87.

Aside from the above justification for the choice of a mean ELA in subsequent palaeoclimatic
inferences in the thesis, a number of problems associated with glaciological reconstructions
should also be highlighted as they potentially introduce much more significant error than that

associated with the alternative method of ELA calculation suggested in the thesis corrections.
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Firstly, problems associated with the misinterpretation of landforms which result in errors in
ice margin positioning cause the input of the incorrect ice surface area into the glaciological
model. The positioning of ice surface contours is unavoidably subjective, particularly in areas
where geomorphological evidence of ice flow direction is sparse. In order to minimise the
effect of subjective ice contour placement on glacier hypsometry (particularly important on
small glaciers) an ice surface contour interval of 20 m was used. According to Rea (2009) the
majority of the data derived from the WGMS database is reported in 50-100 m contour

intervals.

Interestingly, Rea (2009) further states that ‘using both AABRs the difference in ELA calculated
using 20 m contour intervals is only 8 m [for Langfjordjokelen and Cascade Glacier] which can
be deemed insignificant’. The question therefore arises: at what point does the difference
between the two AABR methods become significant? In the context of a glacier which is ~ 7
km long with an altitudinal range of ~ 835 m, e.g. the Upper Eskdale glacier, an error of + 20 m
on the ELA is easily tolerated (see table 7.4). Mitchell (1996) stated errors of up to + 32 m for

glaciers with contours at 10 m intervals.

The horizontal resolution of the NextMap DEM (5 m) is also a key factor. In the case of the
Mosedale glacier the difference between the ELA used in the thesis and that of the AABR
method used to calculate that mean is only 5.72 m. In this context the difference between the

two ELAs can be deemed insignificant when using a DEM with a resolution of 5 m.

a.Benn and

Gemmell (1997) b. Osmaston c. ELA used in
Glacier name (m) (2005) (m) a-b(m) thesis (m) c-(aorb)* (m)
Mosedale 528.28 526 2.28 534 5.72 (a)
Lingmell Beck 546.76 530 16.76 530 -16.76 (a)
Lingmell Gill 604.65 666 -61.35 683 17 (b)
Upper Eskdale  473.72 505 -31.28 494 20.28 (a)
Widdygill Foot  332.36 482 -149.64 323 -9.36 (a)
Wrynose Pass 497.99 462 35.99 485 -12.99 (a)
Oxendale 551.83 504 47.83 518 14 (b)
Mickleden 354.41 446 -91.59 345 -9.41 (a)

Table 7.4: The difference between the mean ELA used in the thesis and the AABR method

used for each glacier in the mean value i.e. Benn and Gemmell (1997) or Osmaston (2005).
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7.10 Reconstruction of glacier mass balance and dynamics as suggested by Carr and
Coleman (2007)

Application of the model outlined by Carr and Coleman (2007), which is based on a series of
relationships earlier recorded by authors such as Paterson (1994), Oerlemans (2001) and
Hooke (2005), concludes that all of the glaciers reconstructed here are ‘glaciologically viable’
under the temperature conditions used to drive the model. As stated by Hindmarsh et al.
(1989), glacier flow is directly influenced by the mass-balance dynamics of a glacier, more than
the reverse. The primary strength of this model is that it allows the reconstruction of steady-
state balance dynamics using independently derived palaeo-temperature data. From this,
glacier flow parameters can then be quantified making the model much more compatible with
glaciological theory. The formulation of the relationship between the reconstructed palaeo-
glaciers and climate in this way allows a comparison with contemporary glaciers and those in
other parts of the world. Despite this, the model also has several weaknesses which cause the

current author to question its reliability.

The reconstruction of former glaciers can be seen as highly subjective with ice margins often
based on the presence of geomorphology; the genesis of which may be interpreted in various
ways. Furthermore, the presence of complete cross-valley moraines which clearly indicate the
location and morphology of a glacier terminus are rare within the Lake District, as indeed in
many parts of the British Isles. This is often as a result of post-glacial fluvial dissection or in
some cases human activity. The definition of the upper limits of a valley/cirque glacier are also
difficult to identify. The presence of trimlines which are used to identify the upper limits of a
glacier or ice sheet have several fundamental problems. Firstly, trimlines require a substantial
period of time during which to form, with the Loch Lomond Stadial arguably being too short a
period for trimline formation to occur on hard rocks. Secondly, the origin of trimlines is
contentious, as described above, with four explanations for their formation, just one of which
involves the trimline representing the maximum vertical limit of ice. Within the Lake District
trimlines do not coincide with the upper limits of any of the glaciers considered in this study,

making the identification of the upper ice limit difficult to accurately distinguish.

Such problems are recognised by Carr and Coleman (2007) however they do not recognise the
sensitivity of the model to glacier extent, which makes the interpretation of geomorphology in
order to delimit ice more crucial. The model provided by Carr and Coleman (2007) has been
used here as a way of establishing the viability of the geomorphological interpretations since
absolute dating was not possible given the time constraints. In light of the sensitivity of the

model however, prior dating of the landforms used to delimit the ice would be preferable.
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Cosmogenic radionuclide or radiocarbon dates would provide the most accurate results; in the
absence of such resources relative age dating and/or sedimentological evidence would also be

beneficial.

The reconstruction of ice surface contours is also highly subjective. Theoretically ice surface
contours on valley glaciers display a distinctive pattern becoming more convex downstream
closer to the snout and concave closer to the headwall. Contours therefore reflect the velocity
field within the glacier indicating convergent flow in the accumulation area and divergent flow
in the ablation area, with contours lying perpendicular to the slightly generalised direction of
ice flow. The drawing of ice surface contours is therefore heavily dependant on the
distribution and orientation of ice flow indicators such as moraines which as discussed above
can often be interpreted incorrectly. However, despite this, ice surface contours unavoidably
provide vital information about the distribution of ice surface area over altitude on palaeo-
glaciers. This relationship is then used to derive the ELA, e.g. through the AAR method, which

is further used extensively throughout the model, e.g. to calculate net ablation.

Ice surface contours also dictate the ice surface slope across the ELA. It is suggested here that
the most satisfactory way to obtain the ice surface slope across the ELA is to use an area
weighted mean whereby the surface slopes of the contour intervals one above the ELA, one
below the ELA, and one across the ELA are calculated and weighted based on their proximity to
the ELA. This limits the impact of potential anomalies in surface slope measurement resulting
from an undulating reconstructed longitudinal topographical profile in the region of the ELA.
Furthermore, it limits the impact of highly subjective contours lines on what appears to be a
highly influential parameter of the model. Factors which dictate the surface slope of a glacier
include the longitudinal topographical profile of the glacier bed. As previously noted, valleys
such as Upper Eskdale contain rock steps of enough magnitude to form small ice falls however
this model fails to take into account the presence of such features which can be high
influential on ice surface, and basal, velocity. The model could therefore be refined by
decreasing the contour interval on the ice surface or modelling the ice surface to establish the

ice surface morphology not only at the contours but also between them.

Surface slope is primarily used to calculate basal shear stress which is then used to infer the
maximum surface velocity of the ice in the centre of the channel. Accurate calculation of basal
shear stress is therefore essential however the calculation appears to be highly sensitive to
variations in surface slope. Ultimately the effect of this is to drastically affect the ice surface

velocity and therefore the basal velocity. The result is that the percentage of basal velocity
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required becomes inaccurate. If, for example, this exceeds the 90 % threshold required for a
glaciologically viable glacier, then the glacier can appear unviable even if this is not the case.
Carr and Coleman (2007) conclude that the reconstruction of the Loch Lomond Stadial glacier
at Cotra, which lies of the eastern side of Steel Fells in the Central Lake District, does not
constitute a glaciologically viable glacier. Irrespective of other evidence, this might be
challenged given the above reasoning. A surface slope of 13.5° is provided by Carr and
Coleman (2007). The current author suggests that the reconstructed glacier occupying Cotra
could be classified as viable if subsequent calculations were carried out using a surface slope of
just 1.5° lower than their value. The lower surface slope would increase the basal shear stress
and thus increase the value for V. which when subtracted from U, would provide a lower value
for the percentage required basal motion (U,). The result would be a glaciologically viable
glacier (according to the model of Carr and Coleman (2007)) which agrees with the work of
Wilson (2002). Furthermore, Wilson (2002) suggests that ice at Cotra was much thicker (90 m)
than that suggested by Carr and Coleman (2007): a problem which again highlights the
subjectivity of ice surface contour location (Wilson, 2007). Such a significant thickness
increase from that estimated by Carr and Coleman (2007) (three times the thickness) has
major implications for the cross sectional area at the ELA, the mass flux and ultimately the

balance velocity (Us).

As previously stated in chapter 4, in order to derive the percentage basal motion required by a

glacier, the following calculations are carried out:

Mean balance velocity (m a ) — Mean rate of ice deformation (m a™) = Required basal motion

(ma”)

Required basal motion (m a) + Mean balance velocity (m a™) = Percentage required basal

motion (%)

In circumstances however, where the mean rate of ice deformation at the ELA (m a™) exceeds
the mean balance velocity (m a™) then Carr and Coleman (2007) assume that such a glacier
requires 0 % basal motion. Firstly, not only is this a rather large assumption but it also,
according to the model, implies that the glacier is glaciologically viable when the reality may be
quite the opposite. A problem with this is that it is perhaps unrealistic to assume 0 % basal
motion on a glacier with a steep surface slope or bed. In cases such as this it is unlikely that
some basal sliding did not occur thus highlighting a floor in the model. Alternatively in cases

where ice surface or topographic gradients are more reasonable, it is important that the lack
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of basal motion can be accounted by other means e.g. through the presence of a deforming

bed.

A further problem relating to the example of Cotra, and also of Fan Hir in South Wales, is that
unlike many cirque glaciers, the glaciers are not laterally restricted by the topography but only
by moraines which themselves are a product of the glacier’s existence. This reduces the area
of ice in contact with the bed/valley walls and thus also reduces the basal shear stress per unit
volume of ice. This is a reflection of the shape of the channel and the surface area of ice in
contact with the bed relative to the volume of the glacier. This highlights the necessity of the
inclusion of an independently calculated shape factor in the calculation of basal shear stress.
This was not achieved by Carr and Coleman (2007) but has been carried out on the glaciers
reconstructed here. The inclusion of the shape factor can almost be seen as a token gesture
however, as it does often not illustrate undulations in the valley bed satisfactorily. For
example, in Upper Eskdale, a largely parabolic cross section at the ELA is interrupted by a
bedrock spur coming down the centre of the valley from Esk Pike (885 m OD). This is
emphasised by river development either side of the spur to form an almost ‘double parabolic’
profile consisting of two small valleys. This will have significantly increased the ice/bed
interface relative to the ice volume and thus increased the friction at the bed around the ELA
to lower the ice velocity at the surface and the bed. Conversely, a flatter bed lowers ice/bed
interface relative to the ice volume and thus lowers the friction at the bed relative to the ice

volume. Theoretically, a higher ice velocity would therefore be expected.

To further illustrate this point the ice surface velocity can be divided by the cross sectional
area of the ice at the ELA to indicate the velocity per unit area of ice. The glaciers in Widdyagill
Foot (viable) and Cotra (not viable) were first compared due to the contrasting morphology of
their underlying topography. As shown in table 7.5 below, Cotra is shown to have had a much
greater velocity per unit area of ice than Widdygill Foot. Combined with the various other
parameters of the glacier, this contributed to making Cotra ‘not viable’ as the motion cannot
be accounted for by either basal slip or internal ice deformation. Widdygill Foot, in contrast,

has a much lower velocity per unit area of ice at the ELA.
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Widdygill Foot Cotra
Ice thickness (m) 83.69 26
Surface velocity (m a™) 12.39 8.61
Cross sectional area at the ELA (m?) 64,165 14,950
Velocity per unit area of ice at the ELA (a”* m™) 1.93 x 10™ 5.76 x 10™

Table 7.5: A comparison between the velocity and ice/bed interface per unit area of ice for

the glaciers occupying Widdygill Foot and Cotra during the Loch Lomond Stadial.

Wilson (2002) however suggests that the ice at Cotra was 90 m thick at the ELA. By assuming a
linear relationship between the cross sectional area of the ELA and the ice thickness, the cross
sectional area of the channel for an ice thickness of 90 m rather than 26 m provides a cross
sectional area at the ELA of 51,748 m®. This is an area increase of 71.1 %. By assuming the
same surface velocity of 8.61 m a™, this provides a velocity per unit area of ice at the ELA (a™
m™) of 1.66 x 10* a* m™, a clear decrease from the 5.76 x 10™ quoted in table 8.1 for an ice
thickness of 26 m. These calculations are approximate however they may indicate that the
reconstruction provided by Wilson (2002) is more realistic being more comparable with the

velocity per unit area of ice at the ELA of the Widdyzgill Foot glacier

It is also possible to compare Fan Hir and Corrie of Balglass which are both glaciologically
viable according to the model of Carr and Coleman (2007) but which have very different cross
valley profiles. Qualitative assessment of the ice beds of the two glaciers suggests that Fan Hir
had a much flatter bed than the Corrie of Balglass glacier which was located in a more classic
U-shaped valley. The greater friction associated with the more rounded U-shaped valleys had
the potential to reduce the basal motion. This is reflected in the generally lower values of
reconstructed percentage required basal motion for the glaciers reconstructed in this study
which have more classic U-shaped across valley profiles than those considered by Carr and

Coleman (2007).

The flatter across valley profiles recorded by Carr and Coleman (2007) can also be questioned
and potentially explained by the occurrence of sediment infill into such sites during the
Holocene. This would not only alter the channel shape and therefore the perimeter of the bed
at the ELA but also the ice thickness. This may be used to explain the rather low ice thickness
at the ELA for the reconstructed Cotra glacier of just 26 m which also affects the final
percentage of required basal motion. If an accumulation of 5 m of sediment such as peat is

assumed to have occurred since the Loch Lomond Stadial during the Holocene then the ice
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thickness stated by Carr and Coleman (2007) at a site such as Cotra is at least 5 m lower than
the actual value. This value is also conservative as Barber and Charman (2005) state that
raised mires of Europe are believed to accumulate at a rate of 1 cm per 10 years suggesting
that 10 m of sediment has accumulated during the ~ 10 ka of the Holocene. It is also crucial to
note that such ice thickness increases would also need to be applied to the ice thicknesses
calculated by Wilson (2002) for glaciers such as Cotra. By increasing the ice thickness of the
Cotra glacier from the 26 m suggested by Carr and Coleman (2007) to the 90 m suggested by
Wilson (2002) it is possible to increase the basal shear stress (t,) and consequently increase V.
thus lowering U, relative to U;. The result of this is that the glacier could then be classed as
viable with U, not exceeding the 90 % threshold of U; for a glaciologically viable glacier. This

may also be the case with glaciers other than Cotra.

Furthermore, the current author considers that the use of a 90 % basal motion threshold
beyond which a glacier is considered to not be viable should be approached with caution. It
has clearly been demonstrated that many parameters are involved in the formulation of
surface and basal velocities and thus the classification of Corrie of Balglass as viable when the

percentage basal motion of 89.46 % is so close to the threshold is highly tenuous.

Additionally, many of the glaciers to which the model has been applied (Carr and Coleman,
2007) occupy relatively flat topography which does not exhibit the classic valley ‘U’ shape. As
a consequence, it is possible that the mean rate of ice deformation reflects a relatively uniform
basal shear stress across the ELA as a function of reduced ice thinning towards the lateral
margins. The difference between the mean and maximum rate of ice deformation will
therefore be reduced, with the maximum rate of ice deformation not necessarily coinciding
with the centre of the channel as occurs in a valley with a cross section similar to that of
Mosedale. The result of this is that V., is raised relative to V. so that when V,, is used to
calculate the percentage of required basal motion, the result is lower than it would otherwise
be. In such a situation glaciers may appear viable when in reality they are not. Conversely a
lowering of V,, produces a higher percentage basal motion. Of particular concern is the
classification of the glacier at Corrie of Balglass as glaciologically viable. Carr and Coleman
(2007) show that when V,, = 0.16 m a™ for this glacier, U, (m a™') accounts for 89.46% of U,
(2.169 m a™). However if V,, is simply increased by 0.01 m a™* to 0.17 m a* then U, = 1.999 m
a! and therefore accounts for 92.16 % of U, where U, = 2.169 m a™. This then takes the
percentage of basal motion over the 90 % threshold stated by Andrews (1975) and employed
by Carr and Coleman (2007) and thus the glacier is no longer glaciologically viable under the

temperature parameters used to drive the model. It is concerning that such a small change in
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V., which is highly possible given the large number of subjective variables involved in its

calculation, can affect the distinction between a viable or unviable glacier.

Essentially, the reason for the high degree of sensitivity of the model when applied to the
Corrie of Balglass glacier is that the values of V,,, Us; and U, lie within a small range of just
2.009 m a™. This range is particularly small when considering the large error bars associated
with the calculation of surface slope, basal shear stress, cross sectional area of the channel etc.
Carr and Coleman (2007) do not provide details of the errors associated with their
methodology: however, Murray and Locke (1989) suggest that the error associated with
reconstructed ice velocity calculations can be as great as 40 %. Clearly, the specific errors
associated with each stage of the model applied here would need to be calculated in order to
refine this assumption, however, in order to be certain that reconstructed glaciers are
glaciologically viable, this suggests that glaciers which have required basal velocities within 40
% of the 90% threshold should be approached with caution and another method of viability
determination should be employed in such cases. This would mean that any glaciers with
required basal velocities above 50 % require further assessment. Although the large errors
associated with the various stages of the methodology outlined by Carr and Coleman (2007)
are clearly a problem, the assumption of an across the board 40 % error bar seems precarious.
The current author would therefore like to suggest that without calculation of such individual
errors, a qualitative assumption of a 20 % error bar should be employed. This therefore
questions the viability of glaciers which have required basal motion of greater that 70 %. This
includes only the Red Tarn/Wrynose Bottom glacier from this research however it also
suggests that the Corrie of Balglass glacier, Cotra glacier and the Fan Hir glacier may require

further assessment.

This adjusted methodology accepts that dictating glacier viability based on such a narrow
threshold is unrealistic and the following is proposed. Glaciers with required basal motion of <
70 % require basal motion can be assumed to be glaciologically viable under the temperature
parameters used to drive the model. Glaciers requiring a greater percentage of basal motion
should, in the author’s opinion, be validated as viable or not viable using other means. Ideally
this would involve the dating of landforms using cosmogenic radionuclide or radiocarbon
dating however this is beyond the scope of this project. Instead, in the cases of Mosedale and
Lingmell Beck relative age dating of the outermost terminal or lateral moraines has been

achieved sedimentologically through coring.
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Finally, the implementation of Glen’s flow law in the methodology of Carr and Coleman (2007)

also introduces error. The maximum rate of ice deformation at the ELA (m a™) is calculated as

3 (ZAZ’an)
" (n+1)

Equation 7.1

where A is a temperature dependant constant of the flow law (assumed to be 0.167 bar? yr?),
T, is the basal shear stress, n is an exponential constant of the flow law (assumed to be 3) and
H is the ice thickness. This is a well established general law for steady-state glacier ice
deformation which has been shown be generally correct using laboratory tests and field
investigations (Rea et al., 2000). It should be highlighted however that the above calculation
assumes values for both A and n of 0.167 and 3 respectively. In this study, velocity calculations
are focused on the surface and basal velocities of the glaciers. As a general rule, velocity
decreases continuously with depth. Where n = 3 the majority of this decrease occurs relatively

close to the bed (Paterson, 1994) as shown below in equation 7.2.

2A ; n n+
U,-U(@)=—" (pgsina)’(h-2) '

Equation 7.2
Here U and U, are the velocities at the surface and the base of the glacier respectively, U is
the velocity at the depth (h —z), A is a temperature dependant constant of the flow law (taken
as 0.167 bar yr"), n is an exponential constant of the flow law (taken as 3), p is the density of
ice (910 kg/m?), g is the acceleration due to gravity (9.81 m/s?) and a is the ice surface slope at
the ELA. According to Hooke (2005), the relationship between U, and U; is unaffected by
variation in n, with variation in n only affecting internal ice velocity as shown in figure 7.14

below.
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Figure 7.14: The velocity profile of a glacier with a surface slope of 2.2° showing the effect of

variation in n on the relationship between U, and U,. Taken from Hooke (2005).

In contrast, A, which is a measure of ice viscosity, is dependant on a number of factors
including temperature, fabric and ice water content. Of these three, temperature is arguably
the most important control on ice viscosity. Where the temperature of ice increases, the
water content also increases and the ice becomes less viscous i.e. the value of A in equation
7.1 decreases. An assumed value for A of 0.167 bar™ yr' is applied to Glen’s flow law,
however, in order to reduce the potential error associated with this assumption it may be
more appropriate to assign a value for A on a case-by-case basis. This could be done using the
calculated temperature at the ELA for the reconstructed glaciers and would require the
development of a relationship between air temperature and ice temperature and therefore
viscosity. Since this in itself is highly error-prone it is suggested that A would be most
appropriately ascertained by measurement of ice viscosity on contemporary glaciers deemed
appropriate to act as modern analogues. ldeally this would provide a value for A for a number
of different environmental settings which would be primarily based on the glacier’s degree of

continentality (quantified as mass loss).

7.11 Summary
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Previous work in the Lake District by Sissons (1980) and Manley (1959) indicates an
alpine style of glaciation however this was revised by McDougall (1998) who suggested
a plateau icefield over the central fells.

McDougall (1998) did not investigate the south-west Lake District where it is now
suggested that a particularly large glacier occupied Upper Eskdale and coalesced with
the plateau icefield. A smaller plateau icefield may also have existed over Pike of
Blisco.

Although the glaciers reconstructed in chapters 4 and 5 are glaciologically viable, ice
occupation of Styhead Tarn remains problematic. Two different scenarios are
presented here: one with ice over Styhead Tarn and one in which Styhead Tarn is ice
free. This area requires further work.

Problems exist with the methodology used to model mass balance which was originally
adapted from Carr and Coleman (2007). Key sources of error in this methodology
include the calculation of the surface slope of a glacier, the resolution of the data used

to map the geomorphology i.e. NextMap, the drawing of the ice surface contours.
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8: CONCLUSIONS
8.1: A large valley glacier occupied Upper Eskdale during the Loch Lomond Stadial and
was connected to a plateau icefield centred on High Raise, Grey Knotts, Dale Head

and Kirk Fell.

The subtle geomorphology associated with plateau icefields is often overlooked or
misinterpreted as being of para- or peri-glacial origin. In the Lake District, the summit of High
Raise is occupied by shattered bedrock and blockfield. This is the result of inactive cold based
ice covering the plateau during the Loch Lomond Stadial. In contrast warm based ice in the
valleys has resulted in the formation of extensive latero-frontal moraines at the ice margins.
The transition between warm and cold based ice in the valleys has produced a zone of
transitional geomorphology. This contrasts with the sharp trimlines often associated with the
upper limit of the ice occupation and is thus evidence for plateau icefield development.
Plateau icefields were centred on High Raise (55 km?), Grey Knotts (7 km?), Dale Head (3 km?)
and Kirk Fell (1 km?) in the Lake District and were connected to a series of valley glaciers
including that in Upper Eskdale. Not interpreted by Sissons (1980) as of Loch Lomond Stadial
origin, the moraines at the southern end of Upper Eskdale were later discussed by Wilson
(2004) however a glacier was never reconstructed. It is suggested here that the moraines at
the southern end of Upper Eskdale are of Loch Lomond Stadial rather than of Dimlington
Stadial origin. This is largely based upon their comparative morphology to moraines elsewhere

in the Lake District known to be of Loch Lomond Stadial age.

The reconstructed glacier in Upper Eskdale which assumes that these moraines mark the
downslope limit of ice occupation is also ‘glaciologically viable’ according to the applied
velocity model. With a surface area of 13.05 km? the Upper Eskdale glacier was therefore
larger than any of the glaciers proposed by Sissons (1980). Addition of the areas of the Red
Tarn and Upper Eskdale glaciers to the plateau icefields gives a total ice coverage of 79.05 km?
of which the Upper Eskdale glacier accounted for 16.51 %. The plateau icefield proposed by
McDougall (1998) replaces 14 of the cirque/valley glaciers proposed by Sissons (1980) in the
central fells with an icefield which feeds 20 much larger outlet glaciers.
8.2: At least 58 ice masses occupied cirques/valleys independently of the central plateau
icefield, these included glaciers in Mosedale, Lingmell Beck, Lingmell Gill and

Widdygill Foot.

Away from the plateau icefield which covered the central fells, alpine style glaciers occupied

cirques and valleys in a similar arrangement to that proposed by Sissons (1980). Such glaciers
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were preferentially located on the more sheltered north or eastern side of mountain ranges as
a result of the prevailing south to south-westerly winds. Plateau icefields were unable to
develop in the far eastern and western fells due to the lack of plateau summits. Of the 58
glaciers away from the central plateau icefield, 47 were reconstructed by Sissons (1980), 3 by

Wilson and Clark (1999), 3 by Wilson and Clark (1998) and 4 by the current author.

8.3: Glaciers were sustained not only by direct precipitation but also by wind blown snow

associated with south to south-westerly winds during the Stadial.

The prevailing wind direction during the Stadial was from the south to south-west. The most
favourable sites for glacier development were therefore located on the north or north-eastern
side of mountain ranges. As a result many glaciers in the Lake District had a north to north-
easterly aspect. Such glaciers were less affected by mass input from direct precipitation than
those on the south or south-western side of mountain ranges. Indirect mass input via
snowblow is therefore believed to have aided glacier sustenance. The need for a more
transparent definition of what constitutes an area with snowblow potential was addressed and
is outlined in chapter 4. This definition recognises that it is possible for snow to also move
uphill and thus all ground sloping away from the glacier at an angle o< 5° was included in the

snowblow area. Assuming the occurrence of south to south-westerly winds, no snowblow
area was identified around the Upper Eskdale glacier and just a very small area was identified
around the Red Tarn/Wrynose Bottom glacier. This is primarily the result of their southerly
aspects. The other reconstructed glaciers all had significant potential snowblow areas in their
southern, south-western or south-easterly quadrants. The largest snowblow are to glacier

area ratios were associated with the Lingmell Gill and Mosedale glaciers.

The effect of an increased snowblow area is to lower the ELA of the glacier. A significant
inverse relationship is therefore expected between the snowblow area and the ELA and is

found for the south-west quadrant..

8.4: ELAs do not show any trends across the Lake District but do conform with a general

southerly rise in ELA along the western seaboard of Great Britain.

The mean ELA of the six reconstructed glaciers was 508 m OD (range of 360 m). This is just 23
m lower than the average ELA of the 64 glaciers reconstructed by Sissons (1980). The ELAs of
the reconstructed glaciers therefore conforms well with the rise in ELA with decreasing

latitude seen along the western seaboard of Great Britain (see chapter 6 figure 6.2). The effect
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of plateau icefields in the central fells however was to raise the ELA of the ice mass in the
region. McDougall (1998) uses the example of the Honister Pass glacier which, according to
Sissons (1980), had an ELA of 385 m OD. The addition of the plateau icefields however
increases this value to 475 m OD (McDougall, 1998). Conversely however, the response of
glaciers with accumulation areas at higher altitudes is to extend their ablation areas further
downslope. If this was the case then the ELAs can expected to have been much the same as
the mean value calculated by Sissons (1980) at 530.59 m OD. Outside of the central fells the
remaining 50 glaciers reconstructed by Sissons (1980) have a mean ELA of 558.68 m OD which
compares with 518 m OD for the glaciers reconstructed by the current author which are

independent of the central plateau icefields.

8.5: All of the glaciers reconstructed are glaciologically viable under the assumption that

U, cannot account for 2 90 % of U..

Andrews (1975) states that where the basal motion (U,) of a glacier exceeds 95 % of the
surface velocity (Us) in the centre of a channel then a glacier is not glaciologically viable under
the temperature parameters used to drive the calculations. Carr and Coleman (2007) further
state that this value should be reduced to 90 % to be more in line with the velocity field of
contemporary glaciers. The current author however suggests that as a result of the large
errors associated with the model, the conclusion that a glacier is viable or not over such a
narrow threshold is precarious. Furthermore, glaciers where U, £ 70 % of U should be
approached with caution and ideally another method by which to confirm the viability of the

glacier such as absolute dating should be employed before conclusions are drawn.

Despite this, the model is a highly valuable tool by which to integrate independent
palaeotemperature data to glacier reconstructions and reduces where possible the errors
associated with speculative approaches to glaciological modelling. As such, all of the glaciers
reconstructed here are ‘glaciologically viable’ with just the Red Tarn/Wrynose Bottom glacier

exceeding the U, £70 % of U, threshold.

8.5: Limitations and recommendations for further research.

The Loch Lomond Stadial in the Lake District was clearly more extensive than first believed. In
the Lake District, the proposal of a plateau icefield by McDougall (1998) and the identification
of further Loch Lomond Stadial cirque/valley glaciers by authors such as Wilson and Clark

(1998: 1999) have dramatically increased the volume of ice occupying the Lake District from
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that suggested by Sissons (1980) and earlier by Manley (1959). It is therefore possible that
further Loch Lomond Stadial sites simply remain undiscovered both in the Lake District and
throughout the British Isles. The subtle evidence of plateau icefield existence compounds this

possibility.

Sedimentological ice flow indicators would also be useful as a means of initially determining

the origin of moraines in the Lake District and also mechanisms of landform genesis.

Of particular interest in the Lake District would be the development of a high resolution 3-
dimensional glaciological model which could be applied to the plateau icefield. Ideally this
would provide information about ice dynamics which would be comparable with
morphologically similar contemporary ice masses. Critically, the errors associated with such a
model would need to be reduced from those associated with the 2-dimensional model

implemented here.

Finally, the absence of reliable absolute dating techniques such as cosmogenic radionuclide’s
or radiocarbon is a large inhibitor to Quaternary glacial research. A series of dates by which to
confirm or reject the ideas presented in this thesis would therefore be the next obvious stage

in developing an understanding of the Loch Lomond Stadial glaciation of the Lake District.
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Figure 4.14a: The final mosaic of the orthorectified aerial
photography covering the south-west Lake District. The area
covered by the photography is indicated by the red box on map
A. Photograph transparency = 40%.
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