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Abstract

Detailed geomorphological mapping has revealed evidence for the development of plateau
icefields in the central fells of the English Lake District during the Loch Lomond (Younger
Dryas) Stadial (c. 12.9-11.5 ka BP). The largest plateau icefield system, which covered an
area of approximately 55 km? (including outlet glaciers), was centred on High Raise. To the
west, smaller plateau icefields developed on Grey Knotts/Brandreth, Dale Head and Kirk Fell,
covering areas of 7 km?, 3 km® and 1 km” respectively.

The geomorphological impact of these plateau icefields appears to have been minimal on the
summits, where the survival of blockfields and other frost-weathered debris (mostly peat-
covered) implies the existence of protective, cold-based ice (the Loch Lomond Stadial was
the last major episode of periglacial activity to have affected upland Britain). As such, these
represent the first reported occurrences of Loch Lomond Stadial ice masses which were not
wet-based throughout. Cold-based conditions would have been promoted by a combination
of thin, slow-moving ice plus the influence of low mean annual air temperatures on the
summits. Ice-moulded bedrock at some plateau edges, however, document a transition to
wet-based, erosive conditions. At these locations, steeper slopes would have resulted in
increased strain heating within the ice. In many cases, prominent moraine systems were
produced by outlet glaciers which descended into the surrounding valleys where their margins
became sediment traps for supraglacial debris and inwash. In some valleys, ice-marginal
moraines record successive positions of outlet glaciers which actively backwasted towards
their plateau source. Given the virtual absence of periglacial trimlines within the area,
reconstructed palaeo- ice margins constitute the single most important line of evidence in the
identification of plateau icefields in the geomorphological record.

The virtual absence of ice-marginal control points in the upper reaches of these plateau
icefield systems means that their reconstructions are somewhat speculative. Ice thicknesses on
the summits (40-50 m) are estimates based on the theoretical relationship between plateau
icefield depth and summit breadth. A regional Loch Lomond Stadial fim line of 500 m OD is
suggested for the central Lake District. This corresponds to a mean annual precipitation of
2,000-2,500 mm, assuming a mean July temperature of 9°C (derived from published
coleopteran studies).

This interpretation differs from those of previous workers, who assumed an alpine style of
glaciation, with reconstructed glaciers emanating from corries and valley heads. The
recognition of Loch Lomond Stadial plateau icefields is critical to the correct
geomorphological and glaciological interpretation of this event. In particular, the failure to
account for former plateau icefields is significant where they were vital for the maintenance of
glaciers in the surrounding corries and valleys, and will result in an overestimation of
equilibrium line altitude lowering. Conventional approaches to reconstructing Loch Lomond
Stadial glaciers do not take account of the subtle- geomorphological impact of plateau
icefields on summits and thus it is likely that plateau icefields were more common at this time
than has hitherto been appreciated.
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1.1 INTRODUCTION

The abrupt thermal amelioration that marked the termination of the last major glaciation
in Britain at c.14.7 ka BP effectively represented a false start to the present (Flandrian)
interglacial. Temperatures subsequently declined during the Lateglacial Interstadial, with
a final sharp deterioration at c.12.9 ka BP (Lowe et al., 1995). This marked the return to
full glacial conditions and the onset of the Loch Lomond (Younger Dryas) Stadial,
c.12.9-11.5 ka BP (c.11-10 *C ka BP), an event that appears to have been both
precipitated and terminated by abrupt reorganisations of the ocean-atmosphere

subsystem in the North Atlantic (e.g. Wright, 1989; Broecker and Denton, 1990a, b).

Glaciers developed in the mountains of northern and western Britain during the Loch
Lomond Stadial, with the Western Highlands of Scotland hosting an extensive icefield
(Figure 1.1) (Thorp, 1991; Bennett and Boulton, 1993a, b). Elsewhere, the glaciation
style is believed to have been predominantly alpine in nature, with glaciers restricted to
valleys and cirques (Sissons, 1979a; Gray and Coxon, 1991). This glaciation has been
intensively studied and palaeoclimatic inferences have been derived from the
reconstructed surface profiles of these former ice masses (e.g. Sissons, 1972, 1974,
1980a, b; Sissons and Sutherland, 1976; Cornish, 1981; Ballantyne, 1989; Mitchell,
1991, 1996; Shakesby and Matthews, 1993).

There is a consensus within the literature that the geomorphological record is both clear
and complete enough to have facilitated accurate reconstructions of Loch Lomond
Stadial glaciers at maximal extents (e.g. Ballantyne and Harris, 1994, p.18; Lowe and
Walker, 1997, p.30). Research in contemporary glacial environments, however, has cast
doubt on the reliability of the procedures that have been employed in these
reconstructions, particularly with regards to ice-marginal delimitation in former
accumulation zones where geomorphological evidence may be poorly developed or
absent. Extrapolated ice margins have generally been based on the assumption of an
alpine style of glaciation, with glaciers emanating from cirques and valley heads (e.g.
Sissons, 1980a; Cornish, 1981). This assumption may not, however, be appropriate for
areas characterised by broad, rounded summits (the Cairngorms and parts of the Lake

District, for example) where plateau icefields may have developed. Recession of some
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contemporary plateau icefields in north Norway has revealed areas that have experienced
little or no subglacial erosion, a situation which has been attributed to low basal shear
stresses and, in some places, cold-based ice (Gordon et al., 1987, 1988, Gellatly ef al.,
1988; Rea et al., in prep.). This implies that the identification of former plateau icefields

in deglaciated areas may be problematical (Gordon et al., 1987).

This study investigates whether the Loch Lomond Stadial glaciation in the Lake District
was characterised by plateau icefields in addition to the corrie and valley glaciers already
reported in the literature (cf. Manley, 1959; Sissons, 1980a). The recognition of Loch
Lomond Stadial plateau icefields is critical to the correct geomorphological and
glaciological interpretation of this event. In particular, the failure to account for former
plateau icefields is significant where they were vital for the maintenance of glaciers in the
surrounding corries and valleys, and will result in an overestimation of equilibrium line
altitude (ELA) lowering. Furthermore, the possibility that such plateau icefields may
have been cold-based and thus non-erosive must be addressed when assessing the
significance of relict major periglacial landforms on Lake District summits. For example,
some blockfields may have survived beneath relatively thin cold-based ice and thus pre-
date the Loch Lomond Stadial. Weathering contrasts in such circumstances may
therefore reflect variations in basal thermal regime rather than the presence or absence of
glacier ice during the Loch Lomond Stadial (cf Ballantyne, 1984; Ballantyne and Harris,
1994).

The remainder of this chapter is divided into three sections. Section 1.2 outlines the aims
and rationale of this study in greater detail. This is followed by an overview of climate
change during the last glacial-interglacial transition, with a particular emphasis on the
Loch Lomond (Younger Dryas) Stadial. Finally, Section 1.4 provides an overview of the
geological history of the Lake District.



1.2  ATMS and RATIONALE

1.2.1 Aim

The Lake District is assumed to have been characterised by an alpine style of glaciation
during the Loch Lomond Stadial, with reconstructed glaciers emanating from corries and
valley heads (Manley, 1959; Sissons, 1980a). This is despite the existence of numerous
broad, rounded summits which, given suitable conditions, would have the potential to
support small icefields during a restricted glaciation. The aim of this research is to
establish whether there is any geomorphological evidence for the development of Loch
Lomond Stadial plateau icefields on the relatively rounded summits investigated. If so, an

assessment will be made of their palaeoclimatic significance.

1.2.2 Rationale

Investigations in contemporary glacial environments have demonstrated that some
plateau icefields have a minimal geomorphological impact. In the Lyngen Peninsula, for
example, patterned ground and blockfield has been revealed by the recession of the
Jiek’kevarri, Balgesvarri and Bredalsfjellet plateau icefields (Gordon et al., 1987, 1988;
Gellatly et al., 1988). The survival of periglacial phenomena beneath former plateau
icefields has also been described by Evans (1988, 1990) in NW Ellesmere Island, where
deglaciated summits lack obvious glacial erosional features and are often characterised

by well-developed patterned ground and tors.

The preservation of periglacial phenomena beneath some plateau icefields requires cold-
based, non-erosive ice. Such conditions are promoted by the dynamics of relatively thin,
slow-moving ice, plus the impact of low mean annual air temperatures on the plateau
(Section 2.2). That some Loch Lomond Stadial plateau icefields may have been cold-
based must be addressed when assessing the palaecoenvironmental significance of relict
major periglacial landforms in upland Britain. It is generally assumed that there is a
mutually-exclusive relationship between the distribution of relict major periglacial
landforms, such as blockfields, and that of Loch Lomond Stadial glaciers (e.g.
Ballantyne, 1984; Ballantyne and Harris, 1994). Indeed, various researchers have
employed contrasts in weathering and periglacial landform development to assist in the

delimitation of the higher reaches of some Loch Lomond Stadial glaciers (e.g. Sissons,
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1974, 1977a, b; Ballantyne, 1989). Nevertheless, such an interpretation assumes warm-
based conditions throughout and does not take into account the possibility that some of
these periglacial landforms may have survived beneath relatively thin, cold-based ice on

summits and thus pre-date the Loch Lomond Stadial.

The recognition of former plateau icefields, irrespective of thermal regime, is also
necessary for the reconstruction and palaeoclimatic interpretation of ELAs. The failure to
account for plateau icefields becomes particularly significant where they nourished
glaciers in the valleys below, either contiguously or by avalanching. Palaeoclimatic
inferences derived solely from the reconstructed valley glacier component of such a
system will result in an overestimation of ELA lowering. As the size of the plateau
icefield increases in relation to the valley glacier component, so the magnitude of the

error will increase (Rea ef al., in prep.).

In his reconstruction of the Loch Lomond Stadial glaciation in the Lake District, Sissons
(1980a) invoked three separate snowfall intensity zones, in combination with the effects
of snowblow and aspect, to account for considerable variations in palaeoglacier extents
and ELAs (Section 2.4). However, these variations may also have reflected topographic
variability and specifically, on some of the broader summits, the development of hitherto
unrecognised plateau icefields. When compared with corrie glaciers incised into narrow
summits, outlet glaciers draining extensive plateau icefields are potentially capable of
contributing greater volumes of ice into valleys by virtue of their larger accumulation

areas.

This is the first study to attempt to address the concerns expressed by Gordon et al.
(1987, 1988) and Gellatly et al. (1988) regarding the identification of former plateau
icefields in deglaciated areas. It is, in essence, an exercise in geomorphological mapping.
Although it is acknowledged that the potentially equivocal nature of the
geomorphological record may present problems of interpretation, the importance of
recognising former plateau icefields in palaeoenvironmental reconstructions provides the

basis for pursuing this investigation.



1.3 THE LOCH LOMOND (YOUNGER DRYAS) STADIAL

1.3.1 Hemispheric Patterns

In those countries bordering the North Atlantic, the most recent glacial-interglacial
transition was not straightforward, with a return to full glacial conditions following initial
thermal amelioration, effectively constituting a ‘false start’ to the present interglacial.
This transitional period is referred to in north-west Europe as the Lateglacial, ¢ 14.7—
11.5 ka BP. Figure 1.2 shows a comparison of accumulation-rate data from the GISP-2
core (Greenland ice sheet) with palaeotemperature data derived from fossil coleoptera in
Northeast England (Lowe ef al., 1995). A number of very general points can be made.
The termination of the Dimlington Stadial was very rapid indeed, with the thermal
maximum of the Lateglacial interstadial being achieved almost immediately thereafter at
¢. 14.7 ka BP. The Lateglacial interstadial, 14.7-12.9 ka BP, was characterised by a
downward trend in temperatures, with a final rapid decline ¢.12.9 ka BP. This final
cooling marked the return to full glacial conditions and the onset of the Loch Lomond
Stadial/Younger Dryas, an event which lasted approximately 1.3 +0.07 ka. As with the
Dimlington Stadial before it, the Loch Lomond Stadial/Younger Dryas terminated
extremely rapidly; snow accumulation-rates in GISP-2 doubled rapidly in the space of
between one and three years. This marked the onset of the present interglacial, known in

Britain as the Flandrian, at ¢. 11.5 ka BP.

There is now very good evidence to suggest that the Loch Lomond (Younger Dryas)
Stadial was precipitated (and terminated) by relatively rapid changes in North Atlantic
circulation, particularly in the process of deep water formation in the vicinity of Iceland
(Broecker and Denton, 1990a, b). The process of North Atlantic Deep Water (NADW)
formation is the mechanism by which, every winter, water in the vicinity of Iceland sinks
to the bottom of the Atlantic and flows south and around the Cape of Africa (Figure
1.3). It is part of a global deepwater circulatory system, and the North Atlantic is a major
source of this water; the vertical transfer involved averages about twenty times the
combined discharge of all the worlds rivers. The water which sinks originates as an
intermediate-depth, high salinity north-flowing current which, south of Iceland, is
brought to the surface where it quickly cools from 10°C to 2°C. A combination of high

salinity and low temperature makes the water unusually dense, causing it to sink. The
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climatological significance of this process is that, prior to sinking, the water releases a
great deal of heat as it cools. It has been estimated that the heat provided is equal to
about 30% of the yearly direct input of solar energy to the surface of the northern
Atlantic, and it is this that is responsible for the very mild winters of western Europe
north of the Alps and Pyrenees (Rind ef al., 1986). Thus, if NADW formation were to
cease, then winter temperatures in western Europe would probably fall quite dramatically
to levels more typical of its latitudinal range. It is considered that this is exactly what has
happened on numerous occasions in the past, resulting in the oscillatory nature of the
North Atlantic climate observed from ice cores, which is superimposed on longer term

glacial-interglacial cycles (Alley ez al., 1993).

Evidence for the cessation of NADW formation in the past has been obtained from the
study of benthic foraminifera in North Atlantic sediment cores. The cadmium
measurements of Boyle and Keigwin (1987) and the carbon isotopic measurements
summarised by Duplessy ef al. (1988) demonstrate that the pattern of deep circulation
was quite different during glacial times (Broecker and Denton, 1990a, b). Cadmium
measurements are considered to reflect former nutrient and phosphate levels, which in
turn are strongly controlled by ocean currents. At present, there is an increasing gradient
in nutrient levels away from the source of NADW. This is because the source of the deep
water is at the surface south of Iceland, where biological activity depletes nutrient levels.
However, as the water flows south at depth, it collects sinking nutrients and phosphates,
resulting in the enrichment of the current. This nutrient and phosphate gradient is
mirrored by cadmium concentrations in benthic foraminifera, although it is not altogether
clear why this should be so (Boyle and Keigwin, 1987). The absence of such a gradient
during the Dimlington Stadial and Loch Lomond Stadial, but its presence in the
Lateglacial interstadial and present interglacial, has been interpreted as demonstrating the
significance of NADW formation in determining the climate of north-west Europe in the

past as well as the present.
During the Dimlington Stadial, the Loch Lomond Stadial and, presumably, earlier cold

episodes, the absence of NADW formation south of Iceland meant that there was no

additional heat being provided to the North Atlantic, and this resulted in the southwards
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migration of the Polar Front. The end of the last glacial, c. 15 ka BP, witnessed a
resumption in NADW formation and was associated with the northwards movement of
the Polar Front. However, about 12.9 ka BP, analyses of both sea surface temperatures
as well as cadmium measurements reveals that deep water formation had ceased yet
again (Broecker and Denton, 1990a, b). This event, which lasted approximately 1.3 ka,
corresponds with the Loch Lomond (Younger Dryas) Stadial.

Although relatively short-lived, there is abundant evidence which testifies to the severity
of this episode in the North Atlantic region. Greenland ice cores record the return to
mid-glacial conditions (e.g. Alley ef al., 1993; Taylor et al., 1993a, b), and a range of
terrestrial evidence records the transition from forest to tundra vegetational communities,
and the return to cold climate geomorphological processes. In Britain, it witnessed the
return of glacial and periglacial conditions for the last time before the onset of the

present interglacial.

1.3.2 Evidence from the British Isles

A variety of lithological, morphological and biostratigraphical evidence exists for the
Loch Lomond Stadial, particularly in northern and western Britain (Sissons, 1979a).
Perhaps the most distinctive evidence is for the expansion of glaciers at this time.
Evidence for a glacial event was first recognised in the south-eastern Loch Lomond basin
by Jack (1875) and placed in a regional context by Simpson (1933), who clearly
identified the limits of these glaciers along the Highland border west of the River Tay.
The distinctive landforms and deposits associated with the palaeoglacier that occupied
the Loch Lomond basin allowed him to map its piedmont margin. The limits of the Loch
Lomond Readvance were subsequently mapped elsewhere, most notably during the
1970s by J.B.Sissons and several of his co-workers (see review in Gray and Coxon,
1991). It is generally accepted that these glacigenic landform assemblages remain precise
and clearly defined, and hence heavy reliance has been placed on morphostratigraphy in

attempts to delimit these former glaciers.

Evidence for the Loch Lomond Readvance has been recognised in many parts of upland

Britain. The major area of glacier development was in the high ground of the western
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Highlands, from Loch Torridon in the north to Loch Lomond in the south, a distance of
some 175 km, and from Loch Shiel in the west to Loch Rannoch in the east, a distance
of 150 km (Sissons, 1979a). Ice thicknesses in excess of 400 m occurred on Rannoch
Moor and in the Great Glen (Thorp, 1984, 1986). In most places, the configuration of
this ice mass took the form of a complex network of transecting glaciers interrupted by
nunataks. The longest individual ice streams, each around 50 km, occupied the troughs
of Loch Lomond, Loch Awe, Loch Rannoch and Loch Garry. The Loch Lomond glacier
is estimated to have had a volume of 80 km®, and whose terminus took the form of a

piedmont lobe some 20 km wide (Sissons, 1979a, 1983; Price, 1983).

In addition to the Western Highlands icefield, 200 other individual ice masses have been
identified. Of these, only four were plateau icefields (which occupied the Gaick and Glen
Mark areas of the eastern Highlands, Mull, and the Cuillins of Skye), with most of the
remainder believed to be cirque or valley glaciers. However, glaciers were not ubiquitous
in the Highlands. In the Monadliath Mountains, where large areas of ground exceed
600 m, there were apparently only two (Sissons, 1979a). And in the north-west
Cairngorms, only three out of seven cirques at 1000 m altitude contained glaciers
(Sissons, 1979b). The Southern Uplands, Lake District and Wales are considered to have
been very marginal for glaciation at this time, with ice masses generally occupying the
most favourable sites (Sissons, 1977a, b, 1979a, 1980a, 1983; Cornish, 1981; Gray,
1982).

Altitudinal distributions of Loch Lomond Readvance glaciers at their maximal extents,
and particularly that of reconstructed ELAs, have been used to derive palaeoclimate
inferences for the period. These have been used to estimate mean July temperatures for
this period of 6-8°C in northern Britain (Gray and Coxon, 1991). These figures are in
close agreement with those calculated on the basis of coleopteran assemblages, which
suggest mean July temperatures of around 10°C in southern England, 9°C in central
England and north Wales, and 8°C in southern Scotland and the Lake District (Coope,
1977a, b). The widespread distribution of permafrost indicated by the periglacial
evidence suggests that mean annual temperatures were rarely above freezing point and

may have been as low as, or even lower than, —6° to —8°C. Hence, mean January
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temperatures of —17° to —20°C are suggested for much of the British Isles (Gray and
Coxon, 1991).

Generally low levels of precipitation are implied for much of the British Isles during the
Stadial, with glacier development resulting from a band of snowfall associated with
increased cyclonic activity along the polar front which affected, in particular, northern
and western parts of the country as it moved southwards. Glacier distributions,
dimensions and altitudes suggest that the principal snow bearing winds were south-
easterly or south-westerly (Sissons, 1979a), and that marked precipitation gradients
developed in highland Britain between the maritime margin and the inland areas. Across
the Scottish Highlands, palaco-ELAs generally rise eastwards, from about 300 m in the
Inner Hebrides and Southwest Highlands, to the Cairngorms where ELAs may have been
as high as 1000 m (Ballantyne and Harris, 1994). In addition, there appears to have been
a steep northwards rise parallel to the Highland Boundary Fault in the area of the South-
eastern Highlands. These trends imply marked aridity in the Cairngorms during the
Stadial, and a very steep decrease in precipitation both east and north of the Highland
Boundary Fault (Figure 1.4).

There is some evidence to suggest that precipitation decline towards the end of the Loch
Lomond Stadial resulted in the active retreat of the palaeoglaciers prior to rapid thermal
amelioration (Pennington, 1978; Benn et al., 1992). This hypothesis is supported by the
occurrence of ice wedge casts in sediments within the Loch Lomond Readvance limits at
a number of sites in Scotland (Sissons, 1974), and by the fact that in the Lake District
several glaciers had withdrawn from their maximal positions before the end of the
Artemisia pollen assemblage zone (Pennington, 1978). More recently, a combination of
geomorphological and palynological research in Skye by Benn et al. (1992) has also
confirmed that deglaciation may have occurred in two phases, one of interrupted retreat
in response to precipitation decline, and the second of uninterrupted retreat, associated
with rapid thermal amelioration. Ice core evidence suggests that thermal amelioration

was abrupt, and may have occurred in as little as five years (Alley e al., 1993).
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1.4 LAKE DISTRICT GEOLOGICAL HISTORY

The Lake District is located in north-west England between 54 and 55°N, bounded by
the Solway Plain to the north, the Vale of Eden to the east, and the Fylde Lowlands to
the south (Figure 1.5). It is a small dome of Lower Palaeozoic rocks, an inlier protruding
from beneath a cover of Carboniferous and Permo-Triassic rocks (Smith, 1992) (Table
1.1 and Figure 1.6). Although only 50 km in diameter, it exhibits considerable geological
and topographic diversity, and includes the highest peak in England, Scafell Pike
(NY215072), which attains a height of 978 m.

The Lake District massif contains three lithostratigraphic units, separated by
unconformities, in an overall southeast-younging sequence (Kneller and Bell, 1993)
(Figure 1.6). The Tremadoc-Llanvirn Skiddaw Group, a turbidite-dominated marine
succession, crops out in a WSW-ENE belt in the north, and are the oldest rocks present.
Unconformably overlying the Skiddaw Group is the Borrowdale Volcanic Group, an
Ordovician (Llandeilo-Caradoc) volcanic succession over 4 km thick, and this makes up
the central Lake District. The Borrowdale Volcanic Group is, in turn, unconformably
overlain by the Windermere Supergroup, a folded and cleaved sequence of
predominantly marine sedimentary rocks, which crops out in the south of the district.
Each group gives rise to slightly different topography. The mountains of the Skiddaw
Group are typically smooth-sided and vegetated, contrasting markedly with the more
rugged appearance of the Borrowdale Volcanic Group, south of which are the low

rolling hills of the Windermere Supergroup.

1.4.1 The Skiddaw Group

The Tremadoc-Llanvirn Skiddaw Group, the oldest rocks in the district, comprises
almost one third of the mountain core, and crops out in four inliers. The largest of these
is the Skiddaw Inlier, which extends from Cleator Moor in the west to Troutbeck in the
east. Smaller inliers occur around Ullswater, Bampton, and Black Combe. The Group
consists of over 5 km of greywacke, siltstone, and mudstone beds, intensely folded in
places, and has been interpreted as possibly representing evidence for fore-arc

sedimentation (Moore, 1992).
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The Skiddaw Group possesses a very complex structure. In addition to having
undergone many phases of folding, they are also highly cleaved and altered by thermal
metamorphism and mineralisation. Major north-easterly trending faults delimit distinct
zones in the Skiddaw Group. In the north-western fells, a thrust fault crosses from the
Crummock Water area through to Causey Pike. To the north of this fault, slump
structures due to movement on the continental slopes dominate. To the south, complex

mixtures of rock with many olistoliths are usual (Smith, 1992).

The Skiddaw Group are relatively homogenous with respect to erosion, being rather
weak, resulting in their characteristic smooth-sided, vegetated slopes. Crags are
relatively rare, and are associated with the greywackes. Despite their relative weakness,
two of the highest peaks in the Lake District occur in Skiddaw Group rocks. Skiddaw
(NY260291) and Blencathra (NY323277) attain altitudes of 931 m and 808 m

respectively.

1.4.2 Ordovician Volcanics

The Ordovician volcanics are highly variable. The oldest is the Eycott Group, which
comprises mainly basaltic and basaltic-andesite lavas, and may have been erupted partly
in submarine conditions as some of the Skiddaw Group sediments are interbedded with
them. There then follows more than 2.5 km of basalts, andesites, and subsidiary dacites
of transitional theoleiitic-calc-alkaline composition (Fitton and Hughes, 1970). The
Eycott Group crops out over a relatively small area (<50km?) in a narrow belt across the
extreme northern fringe of the district. It is likely that some of the basic intrusives belong
to this Eycott episode, in particular the Carrock Fell Complex, and minor intrusions such

as those of Castle Head, Keswick and Embleton (Firman, 1978).

The Borrowdale Volcanic Group succeeds the Eycott Group. It comprises the central
Lake District and is part of an elongate chain of Caledonian magmatism lying south of
the Iapetus Sutre, stretching from Dingle in south-west Ireland to the northern Pennines.
Within the Lake District, the Borrowdale Volcanic Group crops out over an area of
800 km? and attains a maximum thickness of 6 km, and extends from the Duddon valley

in the west through to Haweswater in the east. It comprises mostly non-marine basaltic,
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andesitic, dacitic, and rhyolitic lavas, sills and tuffs with interstratified volcaniclastic
sedimentary rocks. Recent research has demonstrated that the rocks record subaerial
ensialic arc volcanism with rapid synvolcanic subsidence that preserved them from
erosional removal. The subsidence is interpreted as due to caldera collapse and to mild

extension across the arc (Branney, 1988; Branney and Kokelaar, 1994).

The Borrowdale Volcanic Group can, broadly speaking, be divided into lower and upper
sub-groups, reflecting differences in the types of volcanic processes. The lower BVG,
known as Phase 1, is dominated by the products of effusive volcanism whereas the upper
BVG (Phase 2) is dominated by products of explosive volcanism (Petterson, 1990).

Many faults within the BVG are volcano-tectonic in origin.

There is a considerable amount of evidence to suggest that the BVG was erupted in a
subaerial environment. Negative evidence exists in the absence of marine sediments,
pillow lavas and marine fossils. Positive evidence is provided by the abundance of
unconformities within the Phase 2 succession, mantling and draping structures within air-
fall tuff sequences, common occurrences of fluviatile sediments, and the existence of
pyroclastic surge and thin welded pyroclastic flow horizons (Branney, 1988). Some tuff
formations, however, were deposited subaqueously, probably in ephemeral lakes (e.g.

parts of the Honister and Seathwaite Fell tuffs).

The heterogeneity of the Borrowdale Volcanic Group gives rise to the rugged, stepped
topography of the central Lake District, with resistant beds standing out as steep crags.
Even so, the landscape cannot be described as alpine; many of the summits are rounded,

with some of them (e.g. High Raise — NY281095) being better described as plateaux.

1.4.3 Windermere Supergroup

The Windermere Supergroup crops out in the southern part of the Lake District, in a
small inlier at Cross Fell, a fault bounded inlier at Dry Gill and in a series of small inliers
at the southern margin of the Askrigg block. It is a folded and cleaved sequence of
predominantly marine sedimentary rocks that unconformably overlies the mid-Ordovician

Borrowdale Volcanic Group, and is itself unconformably overlain by gently dipping
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Lower Carboniferous or possibly Upper Devonian rocks. The fauna contained in the
Supergroup indicates almost continuous marine deposition from the Longyvillian (locally)

to the Pridoli.

The Windermere Supergroup are less resistant than the Borrowdale Volcanic Group, and
more varied than the Skiddaw Group. The result is topography on a smaller scale than
that of the central Lake District; the south lacks the relief to show the full effect of
highland glaciation.

1.4.4 Regional glaciation

Despite over a century of research, very little is known about the flow directions and detailed
dynamics of the last (Dimlington Stadial) ice sheet in Cumbria (Mitchell and Clark, 1994).
Reconstructions have been based on a range of field evidence, including striations, erratics, till
distribution and drumlins. The established model is one in which a small ice dome developed
over the Lake District, with neighbouring domes centred over the NW Yorkshire Dales and
the Alston Block. These ice domes are believed to have made relatively minor contributions
to an ice sheet which was dominated by a major dome centred on the Scottish Highlands.
Indeed, the lack of diamicts on the higher fells has been interpreted as evidence for nunataks,

even at maximal ice sheet conditions.

In this model, Lake District ice is believed to have flowed radially outwards from the central
mountain core. This is based on striations and the distribution of Borrowdale Volcanic Group
rocks in the surrounding lowlands, with a lack of foreign erratics in the Lake District
mountains. Erratic evidence also suggests that Southern Upland ice was deflected around the
northern Lake District. To the east of the massif, drumlins mapped by Trotter (1929) and
Hollingworth (1931) indicate convergence of former ice flow eastwards through the
Stainmore Gap in the Pennines towards Holderess. However, the overall pattern of drumlins
in the Vale of Eden indicates major ice flow in the opposife direction, towards Carlisle and the
Solway Firth. Around Carlisle, ice flow directional indicators demonstrate convergence of this
ice with east-moving Southem Upland ice to flow through the Tyne Gap, and with west-
moving ice to flow towards the Solway Firth and Irish Sea (Figure 1.7).
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An alternative model for the last ice sheet in Cumbria is in the process of being
developed (Mitchell and Clark, 1994). Whereas the established model features relatively
minor ice domes over the Lake District, the NW Yorkshire Dales and the Alston Block,
evidence is mounting to support the former existence of a large regional ice mass. This
apparently had a linear ice divide which was independent of topography, extending from
Dentdale northwestwards over 50 km to the Derwent Fells in the central Lake District.
The ice divide is believed to have migrated northwards during glaciation/deglaciation,
with a corresponding reduction in northerly ice flow catchment but with an extension of
ice flow down the Rawthey valley and into Wensleydale (Mitchell, 1991, 1994; Mitchell
and Clark, 1994).

The development of this model follows the identification of superimposed drumlin forms
in the southern part of the Vale of Eden (Letzer, 1978, 1981, 1987, Whiteman, 1981) and
the Western Pennines (Mitchell, 1991, 1994). These indicate different flow events during
the course of the glaciation, and have allowed the identification of a linear ice divide
which migrated over time. In addition, the distribution of Shap granite erratics can only
be explained by the presence of a migrating ice divide over the area of the outcrop. This
differs from the established model in which seemingly contradictory ice-directional
indicators in certain areas were accommodated by postulating complex contemporary ice
flow, with basal layers of the ice sheet able to move independently from the upper layers.
However, recent advances in knowledge of ice sheet dynamics precludes such an
explanation. A substantial thickness of ice in the region is also indicated by the

identification of drumlins at altitudes in excess of 600 m OD (Mitchell, 1991).

Although the configuration and dynamics of the last ice sheet in Cumbria may be poorly
understood, it is generally accepted that it decayed by areal stagnation. The sequence in
the Solway lowlands, however, is considered to be more complex, with an upper till
attributed to the ‘Scottish Readvance’ (e.g. Huddart, 1970, 1994). This upper till has
also been interpreted as a glaciomarine mud drape associated with marine drawdown
within the Irish Sea basin (Eyles and McCabe, 1989). Within the Lake District
mountains, kame and kettle topography in the Keswick area has been interpreted by

Boardman (1981) as evidence for stagnant ice in the valleys during deglaciation.
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Nevertheless, well-defined moraines are present in several valleys only short distances
downvalley of the Loch Lomond Stadial limits proposed by Sissons (1980a). Examples
include those at Rosthwaite and Thornythwaite in Borrowdale, at Wythburn and at the

northern foot of Kirkstone Pass (Clark, 1990; Clark and Wilson, 1994).

The age and significance of the moraines downvalley from the presently accepted limits
of Loch Lomond Stadial palaeoglaciers have yet to be established. It may be that they
represent evidence for more extensive Loch Lomond Stadial glaciers in these areas.
Alternatively, these moraines may have been produced during stillstands and/or
readvances which interrupted the decay of the last ice sheet. Although Pennington (1978)
has stated that there is no biostratigraphical evidence for this, the high resolution
Greenland ice cores (GRIP and GISP2) clearly reveal spikes in the oxygen isotope
record which document short-lived climatic deteriorations (Figure 1.2). Whether these
climatic oscillations had a significant impact on the margins of an otherwise decaying
British ice sheet is unclear. Although a number of readvances have been proposed
(Figure 1.8), relating these to the Greenland ice core record demands greater dating
accuracy and precision than is available at present. Until then, the climatic significance of
some of these events will remain uncertain and the possibility that they merely represent
local readjustments of the ice margin cannot be ruled out. Assuming the latter not to be
the case, the Wester Ross Readvance (Robinson and Ballantyne, 1979) is the only event
other than the Loch Lomond Readvance which is potentially capable of explaining the
Lake District moraines referred to above. The other readvances shown in Figure 1.8
occurred at times when the Lake District was presumably still largely submerged by ice
whereas the moraines in question imply a restricted glaciation not substantially more

extensive than the Loch Lomond Readvance.

1.4.5 The Loch Lomond Stadial glaciation (Loch Lomond Readvance)

Following the climatic amelioration of the Lateglacial Interstadial, the Loch Lomond
Stadial (12.9-11.5 ka BP) witnessed renewed glaciation in the Lake District and other
parts of upland Britain. The Lake District is assumed to have been characterised by an
alpine style of glaciation during the Loch Lomond Stadial, with reconstructed glaciers

emanating from corries and valley heads (Sissons, 1980a). The small size of many of
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these former glaciers has been interpreted as evidence that the Lake District was
marginal for glaciation at this time, most probably due to low levels of precipitation (e.g.

Sissons, 1980). The literature on this topic is reviewed in Section 2.4.
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2.1 INTRODUCTION

This research seeks to establish whether geomorphological evidence for Loch Lomond
Stadial plateau icefields exists within the Lake District. It is thus appropriate to
commence this chapter by reviewing the literature on the geomorphological impacts of
contemporary and former plateau icefields (Section 2.2). This is followed in Section 2.3
by a consideration of the topoclimatic controls on plateau icefield development, an
important topic given that direct geomorphological evidence for plateau icefields may be
poorly developed or absent altogether. In such circumstances, reconstructions of plateau
icefields will require an assessment of topographic and palaeoclimatic factors (Gellatly ez
al., 1988). A review of Loch Lomond Readvance studies, with an emphasis on Lake
District research, is presented in Section 2.4. This provides the basis for site selection
since failure to account for plateau icefields may be evidenced by anomalously low ELA

reconstructions (Chapter 3). Finally, a chapter summary is presented in Section 2.5.
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2.2 GEOMORPHOLOGICAL IMPACT OF PLATEAU ICEFIELDS

2.2.1 Introduction

The identification of former plateau icefields in deglaciated areas, such as the Lake
District, demands an appreciation of the geomorphological impact of contemporary
examples. Investigations in north Norway provides the only substantial basis for this (e.g.
Whalley et al., 1981, 1995; Gordon et al., 1987, 1988, 1995; Gellatly et al., 1988, 1989;
Rea and Whalley, 1996). It is not clear to what extent Norwegian plateau icefields may
constitute appropriate analogues. Therefore, this section attempts to highlight those
observations relating to the geomorphological activity of these plateau icefields which

may have general applicability.

2.2.2 Geomorphological impacts

Research in north Norway has shown that some plateau icefields have a minimal
geomorphic impact. In the Lyngen Peninsula (70°N, 20°E), for example, it has been
inferred from field investigations that small plateau icefields at altitudes in excess of
1500 m are probably cold-based at present (Gordon et al., 1987, 1988; Gellatly et al.,
1988). Recent recession of the Jiek’kevarri, Balgesvarri and Bredalsfjellet plateau
icefields has revealed undisturbed blockfield and patterned ground (Whalley ef al., 1981;
Gordon et al., 1987, 1988; Gellatly et al., 1988) (Figure 2.1). There is no evidence for
subglacial erosion on the main plateau surfaces, although localised erosion has been
observed at the edge of an outlet glacier on the northern side of Balgesvarri (Gordon e?
al., 1987; Gellatly et al., 1988). A trench excavated into the edge of the Balgesvarri
icefield in 1979 showed the margin to be frozen to its substrate, with basal layers free of
debris (Whalley er al., 1981). Furthermore, patterned ground was observed to extend
beneath the glacier. Stable-isotope analyses support the interpretation that this plateau
icefield is predominantly cold-based at present (Gordon ez al., 1988).

The preservation of periglacial phenomena beneath plateau icefields requires cold-based,
non-erosive ice. It was believed, until fairly recently, that basal sliding does not occur
under cold based conditions, a conclusion based on field observations and theoretical
analyses (e.g. Goldthwaite, 1960; Holdsworth and Bull, 1970; Boulton, 1972; Hughes,

1973, Paterson, 1981). However, recent laboratory and theoretical investigations
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(Shreve, 1984; Fowler, 1986) have concluded that basal sliding processes should operate
at subfreezing temperatures, albeit at very low rates. This has been confirmed by field
observations (Echelmeyer and Wang, 1987). Nevertheless, there is a tendency for cold-
based ice to protect the underlying substrate (with the exception of the margins, where

locally impressive quarrying can occur) (Benn and D.J.A. Evans, 1998).

In plateau icefields, cold-based conditions are promoted by the dynamics of relatively
thin, slow-moving ice, plus the impact of low mean annual air temperatures. The
relationship between plateau icefield thickness and summit breadth is shown in
Figure 2.2. This was calculated by Rea (1994a), who reasoned that a first approximation
of plateau icefield profiles could be obtained by employing a parabolic equation used to

estimate ice sheet profiles (Orowan, 1949; Nye, 1952):

h=Q21twx/pg)l2 . . . 1)

where his the ice thickness at the centre
Th is the basal shear stress
x is the distance from the margin to the ice divide

p is the density of ice and g is the acceleration due to gravity.

Actual thicknesses are likely to be even lower than those indicated in Figure 2.2 due to
the draw-down effect of outlet glaciers (Rea, 1994a). The combination of thin ice and
low bed slope angles means that ice velocities, and thus the generation of frictional heat,
will be relatively low. The insulating effect of thin ice is also minimal, and thus basal ice
temperatures will be strongly influenced by plateau air temperatures. Therefore, plateau
altitude can be a key variable in determining basal thermal regimes, as is the case in

Lyngen (Gordon et al., 1987).

Investigations of contemporary plateau icefields in the Lyngen Peninsula illustrate the
potential difficulties surrounding the reconstruction of former plateau icefields which
were partly or wholly cold-based. In such circumstances, marginal meltwater channels

produced during deglaciation may represent the only signs of glacial modification. These
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channels are often well-developed in sub-polar glaciers because meltwater is unable to
penetrate to the frozen bed (Benn and D.J.A. Evans, 1998). For example, there are
weathered landscapes preserved within the limits of late Wisconsinan ice caps in the
central Canadian Arctic archipelago in which the only clear evidence for glacial
modification are the ice-marginal meltwater channels produced during deglaciation
(Dyke et al., 1992; Dyke 1993). In NW Ellesmere Island, D.J.A. Evans (1988, 1990) has
described how the wastage of former cold-based plateau icefields is documented by
shallow ice-marginal meltwater channels which are incised into residuum and bedrock.
Meltwater channels apart, these former plateau icefields appear to have had a minimal
geomorphic impact; summits lack obvious glacial erosional features and are often
characterised by well-developed patterned ground and tors (D.J.A. Evans, 1988, 1990).
Nevertheless, it should be noted that lateral channels are absent from the margins of
contemporary cold-based plateau icefields in Lyngen. This has been attributed to
insufficient meltwater production for the development of channellised drainage (Gellatly
et al., 1988).

The boundaries of relict periglacial surfaces preserved beneath frozen patches of the
Fennoscandian ice sheet have been investigated by Kleman and Borgstrém (1990, 1994).
These patches, which are of pre-late Weichselian age, occur on low uplands within the
core area of the Fennoscandian ice sheet and are surrounded by late Weichselian flutings.
Boundaries are often sharp and erosional, with flutings truncating patterned ground. On
the basis of three type areas, Kleman and Borgstrom (1994) have defined four thermal
boundary landforms which they consider to be characteristic of the frozen patch
environment (Figures 2.3 and 2.4). A lateral sliding boundary is well-defined (a sharp
boundary or narrow transition), separating a zone of subglacial lineations (e.g. flutings)
from a truncated relict surface. Where this takes the form of a ridge, which may be
parallel or sub-parallel to a flow line, this is termed a lateral shear moraine. The
proximal edge of a relict surface may be characterised by a stoss-side moraine, which is a
transverse single- or multi-crested moraine ridge. The distal edge of a relict surface may
be defined by a transverse lee-side till scarp, which is a till scarp oriented transversely to

ice flow.
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Kleman and Borgstrom (1994) suggested that, in addition to relict surfaces, the presence
of these thermal boundary forms be taken as positive evidence for patchy thermal
conditions during at least one interval of a glacial. However, the applicability of this
work to the reconstruction of partly cold-based plateau icefields in deglaciated areas is
uncertain. The lower basal shear stresses and radial flow associated with plateau icefields
would substantially modify the landform assemblage shown in Figure 2.3. Transverse till
scarps could conceivably still form, but lateral sliding boundaries, lateral shear moraines

and stoss-side moraines would be absent.

Whilst the geomorphological impact of cold-based icefields on plateaux may be restricted
to the development of marginal meltwater channels, a former warm-based plateau
icefield may be evidenced by landforms of subglacial erosion, moraines and meltwater
channels. Due to the combination of low ice velocities and low basal shear stresses, the
erosional impact of thin (< 200m), warm-based plateau icefields on sound bedrock is
likely to be limited to surface scouring and moulding (Gellatly er al., 1988). Recent
recession of the Oksfjordjekelen plateau icefield in north Norway, for example, has
revealed a forefield which predominantly comprises an inner zone of ice scoured bedrock
and an outer zone, a few tens of metres wide, with blockfield-derived boulder moraines

(Gellatly et al., 1988).

Subglacial abrasion of bedrock requires the presence of basal debris, which may occur
when an advancing plateau icefield margin incorporates unconsolidated debris (e.g.
blockfields). For abrasion to be effective, basal debris must be replaced. Given that the
input of supraglacial debris to a plateau icefield will be minimal at best, abrasional tools
must be derived subglacially by quarrying processes. The recently deglaciated foreland of
a small plateau-terminating outlet of the Oksfjordjekelen icefield shows evidence of
extensive abrasion and quarrying, including the development of rock steps (Rea, 1994a,
b; Rea and Whalley, 1996). Nevertheless, modelling of flow-induced stresses for the
inferred ice dynamics of the outlet glacier has shown that it is highly unlikely that the
small rocksteps were formed by lee side fracturing mechanisms (Rea, 1994b). Instead, it

appears that quarrying was facilitated at this location by a favourable rock structure.
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Intersecting weathered joints produced blocks which could be removed from the crest of

an up-glacier dipping rock step.

It is clear, therefore, that the overall erosional impact of a warm-based plateau icefield
will reflect a number of factors. Apart from those locations where rock structure is
conducive to quarrying processes, it is likely that the erosional impact of wet-based
plateau icefields may be limited to surface scouring and moulding. The effects are likely
to be most pronounced where the bed steepens towards the valley head (Rea, pers.
comm., 1997). In some situations, perhaps where the coverage by warm-based ice is of
limited duration, erosion may be limited to a clearing out of pre-existing regolith and

blockfield (Gellatly et al., 1988).

The distinction between wet- and cold-based plateau icefields, although convenient,
represents a simplification of reality. For example, the basal thermal regime of the
Oksfjordjekelen plateau icefield is complex at present (Gellatly ez al., 1988; Rea and
Whalley, 1996). In some areas, the ice is at pressure melting point and actively sliding
over its bed. Elsewhere, the retreat of protective, cold-based ice has revealed blockfield
and patterned ground. Given that basal thermal regime is determined by both
environmental and internal dynamic factors (which are themselves interrelated), it should

be expected that icefields may be polythermal.

The geomorphological impact of warm-based plateau icefields is not limited to erosion;
moraines may develop at their margins. For example, a substantial Little Ice Age moraine
has developed at a small southern outlet of @ksfjordjekelen (Rea and Whalley, 1994),
Due to the paucity or absence of supraglacial debris inputs, moraine development at
plateau icefield margins requires debris to be incorporated subglacially. As outlined
above, the erosional impact of warm-based plateau icefields on sound bedrock is likely to
be very limited. Accordingly, the availability of pre-existing material which can be readily

entrained, such as blockfield, may be critical in moraine development.

Whereas moraine development on the plateau margins of icefields is likely to be debris-

limited, considerably more substantial moraines may be associated with outlet glaciers
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which descend into the surrounding valleys where their margins become sediment traps
for extraglacial debris. In the Troms-Finnmark area, for example, plateau icefield outlet
glaciers have produced latero-frontal moraines (Rea et al., in prep.). These moraines
comprise material which has been incorporated and transported along the valley, both
subglacially and from valley sides. The presence of subglacial material indicates that
these outlet glaciers (or part of them) are above PMP and sliding over their beds (Rea et
al., in prep.).

The geomorphological impact of former plateau icefield outlet glaciers in northwest
Ellesmere Island has been emphasised by D.J.A. Evans (1988, 1990). In fjord/trough ice-
marginal settings, considerable thicknesses of pre-existing sediments were available for
direct glacial erosion, transport and deposition. Sediment deposited by ice-marginal and
proglacial streams accumulated as thick valley-bottom alluvium and alluvial fans in valley
systems surrounding plateau icefields. Some glaciers proglacially thrust this sediment,
although in other situations glaciers advanced over it without disturbance (D.J.A. Evans,
1989a, b). The availability of sediment in the main U-shaped valleys contrasts with the
situation where plateaux are surrounded by undulating bedrock lowlands, where a lack of
thick sequences of pre-existing sediments, plus paucity of supraglacial debris from the

source area, restricted moraine development (D.J.A. Evans, 1988, 1990).

2.2.3 Summary

Investigations in contemporary glacial environments highlight the potential difficulties
surrounding the identification of former plateau icefields in deglaciated areas. Where a
plateau icefield is cold-based, the geomorphological impact may be minimal, with
preservation of blockfield and patterned ground (Gordon et al., 1987, 1988; Gellatly et
al., 1988). Evidence for wet-based plateau icefields on summits is likely to be limited to
surface scouring and moulding. Although Rea (1994b) observed that a recently
deglaciated foreland of a small plateau-terminating outlet of the @ksfjordjekelen icefield
is characterised by extensive quarrying and abrasion, he concluded that this was
facilitated by the nature of the discontinuous rock mass, with favourably inclined, pre-
weathered jointing. Once removed, these blocks provide ideal abrasion tools. Plateau

icefield outlet glaciers which descend into surrounding valleys may have a more
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substantial geomorphological impact, since not only do their margins become sediment
traps for extraglacial debris but they may also entrain valley-floor alluvium (D.J.A.
Evans, 1988, 1990). By way of contrast, moraine development on plateaux is likely to be
debris-limited, with supraglacially-derived debris minimal or non-existent. In such
circumstances, pre-existing debris (e.g. blockfield) may constitute an important source of
debris for moraine development (as well as abrasional tools) since the potential for a
warm-based plateau icefield to erode its bed is likely to be limited due to low basal shear
stresses and slow moving ice (Gellatly et al., 1988; Rea 1994a, b, Rea and Whalley,
1996; Rea et al., in prep.).
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23 TOPOCLIMATES AND GLACIATION STYLES

2.3.1 Introduction

The identification of former plateau icefields in deglaciated areas may be problematical,
particularly where they were cold-based. By itself, the absence of direct
geomorphological evidence is inconclusive (Gordon ef al., 1987; Gellatly ef al., 1988).
Reconstruction of plateau icefields in such circumstances will require an assessment of
topographic and palaeoclimatic factors. This section presents a brief overview of
topoclimates and glaciation styles, with a particular emphasis on the topoclimatic

controls on plateau icefield development.

2.3.2 Topoclimates

The controlling factors in the initiation and maintenance of a restricted glaciation are
climatically and topographically related, and this interaction determines the style of
glaciation. The two most important climatic factors in glacier development are the rate of
snow accumulation, a function of both temperature and precipitation, and the rate of
ablation, largely a function of temperature. A glacier will only develop where snow can
collect and survive. This is above the snowline, where snowfall accumulation is balanced
by ablation. The climatic snowline in any region or site is strongly controlled by latitude,

altitude and continentality.

At the local scale, topographical effects may result in significant variations in snowfall
accumulation and ablation. These variations can be critical for the development of
glaciers in marginal situations (L.S. Evans, 1969). The effect of topography on climate is
to create topoclimates, which are primarily manifestations of slope angle, aspect and
horizon (Barry, 1992). These topoclimates result in the local snowline displaying an
irregular surface, which is termed the orographic snowline (e.g. Flint, 1971).
Topography, therefore, acts both> to modify and complicate the macroclimatic parameters

that determine the altitude of the climatic snowline (Flint, 1971) (Figure 2.5).

In the middle and high latitudes of the northern hemisphere, the best known examples of
orographic snowline lowering occurs in north easterly facing cirques in the vicinity of the
regional snowline. Not only are these the coolest sites (with lowest ablation), but they

occupy the lee side slopes in areas of prevailing south-westerly winds and, as such, their
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topoclimates may be characterised by relatively high levels of snow accumulation
through the operation of winds which transfer snow from adjacent higher ground,
particularly plateaux. In the Polar Urals, Dolgushin (1961) has described the occurrence

of cirque glaciers in an area where the climatic snowline lies above the highest summits.

The accumulation-ablation balance on an exposed summit differs from that of a
sheltered, lee side cirque. A higher degree of exposure and consequent greater wind
strength leads to the direct transfer of momentum to ice crystals, which results in the
drifting of snow over the edge of the summit where it accumulates in lee side cirques or
hollows. Thus, it is quite normal for amounts of accumulated snowfall on the summits to
be less than that of lee side locations. Furthermore, with little or no protection from solar
radiation, ablation on summits will be correspondingly higher than the cool, sheltered
north-easterly orientated cirque (in the Northern Hemisphere), although the significance
of this will partly depend on cloudiness (Manley, 1955; Barry, 1992). Thus, plateaux are
often less favourable for snowfall accumulation and preservation than north-easterly
facing cirques. For example, the broad plateau in NW Iceland which once supported the
Glamajokull icefield is now ice free, although small cirque glaciers occur at lower
altitudes in the lee side (John, 1976).

In his investigation into the topoclimatic controls on European icefields, Manley (1955)
demonstrated that there is a close, non-linear relationship between summit breadth and
altitude above the regional firn line. Essentially, as summit breadth decreases, the altitude
above the firn line that a summit must attain if it is to support an icefield increases.
Manley arbitrarily defined summit breadth as the horizontal distance between the

contours 30 m below the summit in the direction of the prevailing winds.

On the basis of his observations, Manley (1955) considered that, in the middle latitudes
of the northern hemisphere, a summit 1000 m broad is likely to be permanently snow
covered if it rises about 200 m above the regional firn line (Figure 2.6). If summit width
is reduced to 300 m, then it would have to rise 400 m above the regional firn line. If a
summit is only 100 m broad it will only retain a permanent ice cover if it attains a height

of around 600-700 m above the regional firn line.
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After Manley (1955).
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In highly dissected alpine uplands, summit breadths are too narrow to permit any
substantial snow cover. Steep mountain slopes may remain ice-free, and snow
accumulation and glacier development is likely to be restricted to cirques and valleys.
Indeed, highly dissected topography with precipitous slopes may well inhibit
glacierization (Sugden and John, 1976).

It is quite clear, therefore, that topography, and its interaction with climate, can produce
topoclimates which are highly significant for glacier development in marginal areas.
Where the climatic snowline lies above the summits, the topoclimates of north-easterly
facing cirques may be sufficiently favourable for the development of glaciers. Cirques
with southerly aspects have less favourable topoclimates, and accordingly glaciers will
not normally develop there as long as the climatic snowline lies above the summits.
Where a glacier has developed in a south-facing cirque, and that cirque is not in receipt
of avalanched snow or ice, then the snowline must lie below the summits. Whether an
icefield develops on the summit itself, however, will depend on the breadth of the summit
in relation to its altitude above the snowline; the narrower the summit, the higher above

the climatic snowline it needs to be to be permanently covered by snow or ice.

2.3.3 Glacier morphologies

The range of glacier morphologies which will occur in any particular area will be
determined by the interaction between topographic and climatic factors. This is
illustrated by the work of D.J.A. Evans (1988, 1990) in the Phillips Inlet and Wootton
Peninsula areas of north-west Ellesmere Island, where the glaciation level descends from
1100 m in the south of the field area, to sea level on the Alfred Ernest Ice Shelf in the
north. He observed that the present day ice cover is largely controlled by topoclimate,
and that the three bedrock-controlled physiographic zones which he defined are each
characterised by different glacier morphologies. The first zone is an undulating plateau,
less than 900 m asl., and hosts icefields with a few outlet lobes. It is a relatively ice-free
zone because it is located inland, is of low elevation, and receives little precipitation. The
second zone is quite different from the first, being a deeply fretted cirque terrain with
many summits greater than 1200 m asl.. Accordingly, the style of glaciation differs, being

characterised by cirque and trunk glaciers which terminate in or near the sea. This zone is
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80% ice-covered, attributable to a combination of high elevations and greater
precipitation. The third and final zone is a gently sloping plateau, decreasing from 300 m
asl to sea level. This zone hosts the Alert Point ice mass, whose northernmost margins

form an ice shelf.

Detailed geomorphological and sedimentological mapping enabled D.J.A. Evans (1988)
to reconstruct glacier morphologies associated with the last glacial maximum in the area.
He showed that trunk glaciers were created by the expansion and coalescence of
piedmont lobes within the main valleys, with deglaciation resulting in the recession of
trunk glaciers and reversion to piedmont lobes and then to plateau ice caps with no outlet
lobes. This clearly illustrates the fact that an increase or decrease in glacierization can
bring about a fundamental change in the topographical setting of a glacier and
consequently the glacier morphologies present (Kuhle, 1988).

The work of Gellatly ez al. (1986) and Gordon ef al. (1987) in the Lyngen Peninsula of
north Norway has also illustrated how the interaction between topography and climate
determines the glaciation style of the area. On the western side of the peninsula, an alpine
type of landscape changes eastwards into one of selective linear erosion, where plateau
surface remnants survive between deeply dissected glacial troughs. The plateaux above
1600 m support icefields, and the lower plateau areas also held permanent snow and
icefields at some time in the past (Figure 2.7). Precipitous cliffs more than 1000 m high
separate the icefields from the valley glaciers below. These valley glaciers appear to lie
entirely within the ablation zone, and can only exist because they receive a supply of
avalanched ice from above. In other words, the occurrence of the valley glaciers is only
possible because of the existence of plateau icefields above. Thus, although not
contiguous with the icefields above, these valley glaciers are part of the icefield system

and cannot be considered separately.

In the Lyngen Peninsula, topoclimates have created an irregular pattern of glaciation.
Gellatly ez al. (1986) observed that throughout southern Lyngen there are many ice-free
valleys adjacent to valleys with glaciers, yet both are at similar altitudes. Topography,

more than climate, controls the distribution of glaciers. They suggest that other areas,
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long since deglaciated, may also have been dominated by topographic controls. If this
was so, they argue, then the resulting pattern of glaciation could have been quite

irregular.

2.3.4 Summary

The foregoing is highly relevant to understanding glacier extents and morphologies
associated with the Loch Lomond Readvance in the Lake District. It should be possible,
prior to glacial geomorphological mapping, to identify on a topographic map potential
sites for the initiation of glaciation which vary in their suitability. The higher, north-
easterly facing cirques in the lee of broad plateaux will have been the most favoured sites
for glacier development, and indeed the only ones to have been glacierized in a marginal
event where the regional snowline was above the summits. In terms of identifying the
most favoured location for an icefield, Manley (1955) suggests that this would have been
a function of its breadth and its altitude in relation to the climatic snowline. It would
seem reasonable to suggest from Manley’s work that, for the Lake District, summit
breadths could be plotted against their altitudes. The broadest and highest summits
would be worthy of initial attention. This is developed in Chapter 3 (Methods).
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24 THE LOCH LOMOND READVANCE IN THE LAKE DISTRICT

2.4.1 Introduction

Visually impressive glacigenic landform assemblages can be found in many of the corries
and valley heads of the Lake District. These have long attracted the attention of
geologists and geomorphologists working in the area. Marr (1895) made reference to
what he considered to be a fine series of moraines below Angle Tarn at the head of

€

Langstrath. Ward (1873) suggested that upper Ennerdale has “..perhaps the most
complete set of moraines to be found in the district” Other workers who have
commented on these landforms include Upham (1898), Raistrick (1926), Hay (1942,
1944), Manley (1959), Walker (1965), Boardman (1981), Sissons (1980a), and Oxford
(1985, 1994). In most cases these distinct glacigenic landform assemblages have been
attributed to the Loch Lomond Readvance (Manley, 1959; Walker, 1965, Pennington,

1978, Sissons, 1980a).

The Loch Lomond Readvance corresponds to a long-recognised and widespread
readvance of glaciers in upland Britain (e.g. Geikie, 1863). During the late nineteenth
century, the distinctive glacigenic landforms which had been recognised in many
Highland valleys were attributed to a final phase of activity at the end of the last glacial
(e.g. Geikie, 1864; Young, 1864; Jamieson, 1874).

The area after which the Loch Lomond Readvance takes its name is the south-eastern
basin of Loch Lomond in west central Scotland. Evidence for a glacial readvance in the
area was first recognised by Jack (1875), and placed in a regional context by Simpson
(1928a, b, 1933), who identified the ice marginal positions of these palaeoglaciers along
the Highland border west of the River Tay. The distinctive nature of these glacigenic
landforms and sediments associated with this restricted glaciation enabled him to map the
margins of the piedmont glacier which occupied the Loch Lomond basin. Subsequently,
the glaciers of this period became known as the Loch Lomond Readvance. The use of
the term ‘readvance’ reflected the belief that the last ice sheet did not completely waste
away before this renewed episode of glaciation. Although it has since been argued more

recently that complete deglaciation occurred prior to the Loch Lomond Stadial (e.g.
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Sissons, 1972, 1976, Sissons and Grant, 1972), the evidence for this is at best equivocal
(Sutherland, 1984).

This section reviews the literature on the Loch Lomond Readvance, with a particular
emphasis on Lake District reconstructions. Following a general overview of the
conventions that have been adopted in delimiting these former ice masses at maximal
extents (Section 2.4.2), consideration is given to Loch Lomond Readvance studies in the

Lake District (Section 2.4.3).

2.4.2 Delimiting Loch Lomond Stadial glaciers

In Britain, many workers have derived palaeoclimatic inferences from the reconstructed
surface profiles of Loch Lomond Readvance glaciers (e.g. Sissons, 1972, 1973a, b, 1974,
1975, 1977a, b, c, 1978, 1979a, b, c, 1980; Sissons and Grant, 1972; Thompson, 1972,
Gray and Brooks, 1972; Sissons, Lowe, Thompson and Walker, 1973; Sissons and
Sutherland, 1976; Gray, 1975; Ballantyne and Wain-Hobson, 1980; Cornish, 1981; Gray,
1982; Ballantyne, 1989; Mitchell, 1991, 1996; Shakesby and Matthews, 1993). This is
the most recent glaciation to have affected upland Britain and there is a general
consensus within the literature that the geomorphological record is both clear and
complete enough to have facilitated accurate reconstruction of these former ice masses at

maximal extents (e.g. Lowe and Walker, 1984, p.27; Ballantyne and Harris, 1994, p.18).

A number of lines of geomorphological evidence have been used, usually in combination,
to delimit the maximal downvalley extents of Loch Lomond Readvance palaeoglaciers.
These include end and lateral moraines, hummocky moraine, drift limits, boulder limits,
outwash spreads, and weathering contrasts (Price, 1983; Sissons, 1983; Sutherland,
1984; Gray and Coxon, 1991) (Figure 2.8). According to a review by Sutherland (1984),
the majority of Loch Lomond Readvance glaciers have had part of their lower portions
delineated by terminal or lateral moraines. In Snowdonia, for example, 30 out of the 35
glacial limits described by Gray (1982) utilise end or lateral moraines. On the other hand,
the limit of the Gaick ice cap, as reconstructed by Sissons (1974), is only marked by end
moraines for less than 15 km of the total ice marginal length of 180 km. Boulder limits

occur where there is an abrupt limit to an arcuate spread of boulders, contrasting with
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either a boulder-free area outside the limit or with very different boulder lithologies. For
example, in north-west Scotland, Sissons (1977a) reported spreads of white Cambrian
quartzite boulders which terminate abruptly, contrasting sharply with the red Torridonian

Sandstone bedrock beyond.

2.4.2.1 Hummocky moraine

Many former ice-margins have been defined on the basis of the downvalley extents of
‘fresh” hummocky moraine, an all-embracing term which refers to “...a highly irregular
terrain comprising a large number of mounds that are often steep—sided and usually
strewn with numerous boulders” (Sissons, 1974, p.95). Manley (1959) was probably the
first researcher to define Loch Lomond Readvance ice-margins in this way. Due to their
chaotic appearance and close association with lateral moraines near the valley floor,
Manley considered that hummocky moraine in the valleys heads of the Lake District
represented evidence for the in situ stagnation of the terminal zones of Loch Lomond
Readvance glaciers. He hypothesised that this may have followed topographically-
induced disconnection of the lower (valley) portions of the former glaciers from their
corrie sources, with corrie glaciers remaining active for a period thereafter. Additional
support for their use as ice-marginal indicators, argued Manley, was provided by their
coherent spatial distribution, occurring at lowest altitudes in those valleys which would

have been most favourable for glacier development (Section 2.4.3)

As an aid to ice-marginal delineation, hummocky moraine has been used most extensively
in Scotland, particularly during the 1970s (e.g. Sissons, 1974, 1977b) (Figure 2.9). The
literature at that time tended to emphasise the often abrupt downvalley termination of
hummocky moraine. In mapping, no attempt was made to distinguish individual elements
of hummocky moraine due to the morphological complexity of these glacigenic landform
assemblages and the paucity of sedimentological information (Price, 1983). Hummocky
moraine was believed to be the product of areal stagnation of Loch Lomond Stadial
glaciers at or near maximal extents in response to rapid thermal amelioration (Coope,
1977a, b).
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Recent investigations have shown that hummocky moraine is polygenetic, and that many
glaciers actively backwasted towards their sources (e.g. Benn, 1990; Bennett, 1991).
These findings do not in themselves undermine previous reconstructions, which focused
on the delineation of ice margins at maximal extent, although they do potentially provide
a test as to their validity and may provide valuable information regarding centres of
decay (Bennett, 1991; Bennett and Boulton, 1993a, b). This is particularly relevant in the
context of the present research, where the former existence of plateau icefields may be

inferred through detailed reconstructions of ice-margins during deglaciation.

Investigations by Benn (1990) and Bennett (1991) have demonstrated that hummocky
moraine may comprise ice-marginal recessional moraines, subglacial moraines (flutings,
drumlins), and localised ice-stagnation topography. Recessional moraines are typically
sharp-crested ridges and chains of hummocks. Many ridges have an undulating or beaded
long profile (particularly close to the valley floor), convéying a distinctly hummocky
appearance. In plan, many of these moraines form converging cross-valley pairs, with
similar sizes and gradients (Figure 2.10). Bifurcations and ridge asymmetry may be
present, which are diagnostic properties of ice-marginal moraines (Bennett, 1991, 1994).
Although linear elements within hummocky moraine had previously been recognised,
they were interpreted as crevasse infills (e.g. Sissons, 1967). However, crevasse
orientations in modern glaciers splay downvalley towards valley sides, in contrast with
the arrangement in Skye and elsewhere (Benn, 1990). Finally, at the largest scale, the
pattern of retreat revealed by these ice-marginal moraines may possess a regional

coherency, with active-retreat towards decay centres (where these existed).

Many of these transverse ridges which have been interpreted as recessional moraines are
composed of loose, rubbly diamictons, interbedded with silts, sands and gravels,
interpreted as subaerial debris flow deposits (flow tills) and water lain sediments
respectively (Benn, 1990). Clast analysis indicates that in many places subglacially-
entrained debris was the dominant component. That these sediments were considerably
reworked during deglaciation is implied by complex sedimentary geometries, and
glaciotectonic activity is evidenced by the occurrence of steeply-dipping and folded

diamict units (Benn, 1990, 1992).
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Sections in randomly-oriented hummocks and mounds, with rim ridges enclosing
hollows, typically reveal debris flows and other subaerial mass-movement deposits,
interbedded with water-sorted material (Benn, 1990, 1992). There is usually evidence for
several stages of reworking, and sedimentary structures (normal faults, slumps and other
collapse structures) indicate deposition in contact with buried ice cores. Benn (1990) has
argued that this does not necessarily constitute evidence for areal stagnation, and may
instead indicate the decay of small sediment-covered ice cores. Whether this occurred in
association with an otherwise actively retreating glacier, or whether areal stagnation of
the glacier occurred, cannot be ascertained from the presence of hummocky moraine
alone; adjacent landforms need to be taken into account. For example, although the
valley floor of Gleann Torra-Michaig in Skye is occupied by chaotic moraines,
fragmentary transverse moraines are extensive along the valley sides, suggesting that the
chaotic moraines were formed in association with actively retreating ice. Elsewhere,
however, chaotic moraines occur in association with stepped kame terraces and appear
to have formed during the downwasting of stagnant glacier remnants (Benn, 1990,

1992).

Flutings and drumlins are aligned parallel to the direction of former ice flow, and
sedimentologically comprise compact, sheared till containing abundant abraded and
faceted clasts. Within tracts of hummocky moraine in central Skye, longitudinally-
orientated subglacial bedforms range from flutings ca. 1 m high to small drumlins up to
400 m long and 10 m high (Benn, 1990, 1992).

2.4.2.2 Deglaciation style

Working in Skye, Benn ef al. (1992) have argued that deglaciation occurred in two
phases. The first was one of active retreat, and is represented in the geomorphological
record by recessional moraines. Palynological investigations suggest that this first phase
was driven by precipitation decline. Thereafter, uninterrupted retreat occurred, and was
accompanied by local in situ stagnation. This second phase of deglaciation is tentatively
associated with thermal amelioration (cf. Coope, 1977a, b). Benn et al. (1992) point out
that there are many sites in Scotland where fluted moraines can be observed to trend

obliquely across the mouths of corries (e.g. Robinson, 1977; Sissons, 1977b; Lawson,



1983, 1986), suggesting that they formed when the glaciers were at, or near, their
maximal extents. They have interpreted the apparent absence of alteration as evidence

that readvances did not occur during later stages of deglaciation.

In the Northwest Highlands, Bennett (1991) has argued that deglaciation of the Loch
Lomond Readvance icefield was characterised by active retreat throughout [although the
existence of recessional moraines in the upper valleys of the western Highlands has been
challenged by Benn ef al. (1992)]. It has been suggested by Bennett and Boulton (19933,
b) that the Western Highlands icefield may have behaved differently from the Skye
icefield during deglaciation by virtue of its much larger size. They argue that it must have
modified its local climate in much the same way as the similarly-sized Vatnajokull ice-cap
does today. Thus, it may have decayed in a controlled and more prolonged manner,
despite the rapid rise in air temperatures early in the Flandrian. Implicit in this reasoning
is that the ability of the icefield to modify its climate will decrease over time, and thus
rates of deglaciation should be expected to increase. In this respect, Bennett (1991)
presented evidence which suggests that localised stagnation occurred in the vicinity of

the decay centres.

2.4.2.3 Delimiting accumulation zones

Most research has focused on delimiting the downvalley extents of Loch Lomond
Readvance palaeoglaciers (and, more recently, the genesis of the landforms within),
where evidence is most abundant. Relatively little attention has been paid to
accumulation zones reconstructions, where ice margins are often extrapolated
throughout large sections. Extrapolated ice margins have generally been based on the
assumption of an alpine style of glaciation, with glaciers emanating from corries and
valley heads (e.g. Sissons, 1980a; Cornish, 1981). This assumption may not, however, be
appropriate for areas characterised by broad, rounded summits (the Cairngorms and

parts of the Lake District, for example) where plateau icefields may have developed.
A few workers have employed periglacial trimlines to reconstruct the surfaces of these

former glaciers in accumulation zones (e.g. Thorp, 1981, 1986; Ballantyne, 1989).

Periglacial trimlines mark the upslope transition from ice scoured bedrock to terrain that
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bears the imprint of contemporaneous frost action (Figure 2.11). They result from the
removal of pre-existing regolith and/or periglacial weathering of the upper slopes during
glaciation. Most periglacial trimlines associated with Loch Lomond Readvance glaciers
have been mapped using the distribution of landforms such as roches moutonées, and
periglacial blockfields and tors (e.g. Thorp, 1981; Ballantyne, 1989), together with the
depth of rock joints, which tend to be deeper above the trimline (Ballantyne, 1982).
Periglacial trimlines are most clearly developed on spurs composed of resistant
crystalline rocks (Thorp, 1981). By contrast, frost-resistant lithologies such as lavas,
coarse grained granites and massive schists tend to exhibit only limited evidence of Loch
Lomond Stadial frost action (Thorp, 1981; Ballantyne and Harris, 1994). In such
circumstances, periglacial trimlines may be difficult or impossible to recognise in the
field.

Related to periglacial trimlines are so-called ‘thermal trimlines’ in which the transition
from ice-scoured to frost weathered bedrock represents a change in basal thermal
regime, from erosive wet-based to protective cold-based conditions (Benn and D.J.A.
Evans, 1998). Thermal trimlines do not define former ice surfaces and so should be
distinguished from periglacial trimlines. In the context of ice sheet reconstructions,
Ballantyne and McCarroll (1995) have argued that periglacial trimlines have smooth
regional gradients consistent with theoretical ice sheet profiles. By contrast, the effects of
longitudinal stresses on the pressure melting point of ice should ensure that thermal
trimlines are elevated on the upglacier sides of high ground and depressed on the

downglacier sides (Ballantyne and McCarroll, 1995).

Whilst there is an increasing awareness of the geomorphological significance of cold-
based conditions in ice sheet reconstructions, the same cannot be said for restricted
glaciations such as the Loch Lomond Readvance. Indeed, the possibility that some
periglacial phenomena may have been preserved beneath protective cold-based ice during

the Loch Lomond Stadial has not been addressed in the literature.
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2.4.2.4 Dating Loch Lomond Readvance limits

In general, it has been maintained that the clarity of the glacial geomorphological
evidence has facilitated very accurate palaeoglacier reconstructions. For example,
Sissons (1977b) was of the opinion that end moraines identify former ice margins to
c. 10 m, and that boulder limits were probably accurate to within c. 1-2 m, giving an
overall interpolated ice margin accuracy of 50-100 m. It is worth emphasising, however,
that very few Loch Lomond Readvance glacier margins have been radiocarbon dated
and/or palynologically constrained (see Gray and Coxon, 1991). In the Lake District, for
example, there are no ice margins which have been radiocarbon dated and the spatial
resolutions of palynological and lithostratigraphic investigations are too coarse to be

useful in ice-marginal reconstructions.

In most studies, heavy reliance has been placed upon moraine morphology (or
‘freshness’) to distinguish between glacigenic landform assemblages of different ages.
Nevertheless, different workers clearly have different conceptions of what exactly
constitutes ‘fresh.” Thus, Manley (1959) envisaged a slightly more extensive Loch
Lomond Readvance in the Lake District than Sissons (1980a) did, even though both
workers ostensibly employed the same approach. Although it has been suggested that a
quantitative approach to ‘freshness’ could be developed (J. Boardman, pers. comm.), a
more fundamental question is whether ‘freshness’ is a reliable relative dating technique.
This approach assumes that there is a characteristic appearance to Loch Lomond Stadial
glacigenic landform assemblages which makes them quite distinct from older glacigenic
landforms. In turn, this demands that the variables influencing moraine morphology were
more or less constant throughout upland Britain. These variables include glaciation style,
lithology, ice-margin behaviour during deglaciation and the impacts of paraglacial
reworking. This was clearly not the case. Whilst these issues have not yet been addressed
in the literature, it is interesting to note that palynological investigations by Tipping
(1989) in western Scotland implies a substantially more extensive Loch Lomond

Readvance than is suggested by the geomorphological evidence.
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2.4.3 The Loch Lomond Readvance in the Lake District according to Manley
Manley (1959) derived palacotemperature estimates from the mapped extents of Loch
Lomond Stadial glaciers in the Lake District, where the former existence of such glaciers
had already been inferred by Pennington (1947) and Walker (1955) on the basis of varves
recovered from Lake Windermere and the Kentmere valley respectively. The 400 paired
varves from Lake Windermere occur as a 50 cm thick sequence lying conformably above
Lateglacial Interstadial sediments and below Flandrian organic muds (Pennington, 1947).
Although narrow, the varves displayed clearly graded bedding. This, according to
Pennington, indicated that the lake at that time was turbid due to the inflow of glacial
meltwater. In turn, this was considered to constitute evidence for a renewed period of
glaciation in the high ground of the Windermere catchment during the Loch Lomond
Stadial/Younger Dryas.

Walker (1955), working north of Windermere, described varved blue clay associated
with Pollen Zone III (the Loch Lomond Stadial) which he extracted from a former lake
bed above Kentmere. He interpreted this as representing evidence for an episode of
glaciation in the valley, and suggested that it was possible that the varves were associated
with the limits of a restricted glaciation tentatively recognised by Dahl (in a personal
communication to Walker) a few years previously. During this glaciation, ice was
considered by Dahl to have extended down the Kent valley as far as the Hartrigg

moraine.

Manley (1959) argued that the glacial episode represented by the varves was clearly
recorded in the geomorphological evidence. He recognised what he considered to be a
distinct group of glacigenic landform assemblages located in the valley heads and corries
of the Lake District. He was of the opinion that these corrie end moraines and valley-
head hummocky moraine could be distinguished from other glacigenic landforms in the
area on account of their ‘freshness’. The ‘freshness’ of the hummocky moraine was
particularly emphasised because Manley believed that these glacigenic landform
assemblages belonged to the same event as the one which produced the ‘tarn moraines’,
even though they occurred down-valley from them. He argued (p.190) that the

hummocky moraine found in the heads of valleys such as Ennerdale, Easedale, Grisedale,

59





































































































































































































































































































































































































































































































































































