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Abstract 

A variety of moraine forms were deposited by glaciers during the 
Loch Lomond Stadial. Study of such moraines and related landforms 

provides a valuable source of data on patterns of landscape evolution 
and climatic change. This » thesis presents detailed case-studies of 
moraines in geologically and topographically contrasting `areas on the 
Island of Skye, Scotland. Geomorphological mapping, 
sedimentological analyses and mathematical modelling techniques 

were employed to, determine the principal controls on moraine 
morphology, composition and distribution. Particular emphasis was 
placed on the provenance, : transport and deposition of debris, and 
their spatial variation: The results were used to construct a: summary 
model of glacial landform evolution, which relates different 

sediment-landform r associations to spatial and temporal controls, 
particularly basin lithology and structure, topography, position of 
deposition and ice-margin activity. 

The initial stage of deglaciation in the study area was marked by a 
series of' readvances and/or stillstands. During this stage, the 
lower-lying glaciers were more sensitive to climatic amelioration 
than the higher glaciers. The subsequent phase was characterised by 

more rapid deglaciation. Evidence for one instance of late-stage in 

situ glacier stagnation is described. The results indicate that 
landforms -hitherto grouped as 'hummocky -moraine' formed by a 

variety of processes. Such moraines 'formed by (a) uneven deposition 

of supraglacially and/or -subglacially-derived debris at-- active ice 

margins, ' (b) deposition at the stagnant margins of otherwise active 

glaciers, and (c) deposition - during uninterrupted glacier retreat or 

areal stagnation. Differentiation and analysis of so-called 'hummocky 

moraine' enables° glacier behaviour, during the Lateglacial to be 

interpreted in great detail. ". 
{ 



V 

Acknowledgements ýS 

This study was funded by NERC Studentship GT4/87/GS/96. 

During the production of this thesis, I have received intellectual, 

practical and moral support from many directions. The Department 

of Geography and Geology of the University, of St. Andrews, under 
the chairmanship of Dr. G. Whittington, has been a pleasant and 

stimulating place to work. My supervisors, Drs. C. K. Ballantyne and 
J. Jarvis, allowed. me , the freedom to develop the project in my own 

way while continuously asking 'awkward questions' and encouraging 

me to be critical of my own ideas., For their, professionalism and 

warm friendship I offer grateful thanks. Thanks are also owed to Dr. 

C. Donaldson for the identification of 'difficult' rock specimens, and 
to Dr. D. Farley, Mr. C. B. Bremner and Dr. J. Jarvis for their vital and 
last-minute help with word-processing problems. 

Discussions with. the following. people stimulated, my thinking on 

glacial deposition and related matters: Prof. G. S. Boulton, Dr. 

C. M. Clapperton, Dr. A. G. Dawson, Dr., J. Gordon, Dr. J. J. Lowe, Dr. 

J. A. Matthews, Dr. D. McCarroll, Dr. R. J. Rice, Prof. D. E. Smith and Dr. 

D. M. Vere. 

Fieldwork in the Scottish Highlands can be a wet, midge-ridden and 

messy business, and several friends and members of my family 

helped to turn it into a pleasure. I- would like to thank Mrs. 

McDonald of Sconser for the use of her caravan, often at short notice. 
I am particularly grateful to John and Rob McDonald, Alison Dyvig, 

and Chris and Sally Oddling for hospitality, fun and laughter, and 
help with repairing ailing motorcycles. <I was joined in the field by 

Sue Jenkins, Jill Tate, Dr. Colin Ballantyne, Alister and Jean Benn, 

and Rob and John McDonald. To Sue,, who understood, I give my 
love. 



V1 

Table of Contents 
Page 

Chapter One: Introduction 
1.1 Scope of the thesis 
1.2 Background and rationale 
1.3 Chapter outlines 

1 
2 
5 

Chapter Two: Previous Research on 'Hummocky Moraine' 
Formation in Scotland 

2.1 Outline 8 

2.2 1840-1870: Beginnings 8 

2.3 1870-1960: Jamieson to Charlesworth 9 

2.4 1960-1980: The 'hummocky moraine' controversy 13 

2.5 1980 to the present 17 

2.6 Summary 22 

Chapter Three: Glaciated Valley Systems and 
Models of 'Hummocky Moraine' Formation 

3.1 Outline 24 

3.2 Rationale: the importance of modern analogues 24 

3.3 Valley glaciers and sediment transfer 

3.3.1 Introduction 26 
3.3.2 Glaciological background 29 
3.3.3 The entrainment subsystem 31 

3.3.4 Glacial transport 42 

3.3.5 Debris release, deposition and deformation 
, 
45 

3.4 'Hummocky moraine' formation I: Glaciated valleys 
3.4.1 'Hummocky moraine' and supraglacial sediment supply 58 

3.4.2 Surging glaciers 61 

3.5 'Hummocky moraine' formation II: Other models 
3.5.1 The sub-polar ice-disintegration model 65 

3.5.2 'Hummocky moraine' formation by deformation 

in association with stagnant ice 69 

3.5.3 Formation of 'hummocky moraine' below active ice 72 



vii 

3.6 Summary 77 

Chapter Four. Physical and Methodological Background 
4.1 Introduction 85 
4.2 Rationale and objectives 

4.2.1 Rationale 85 
4.2.2 Research objectives 87 
4.2.3 Requirements of the study areas 87 

4.3 The Cuillin Hills of Skye: General description 89 
4.3.1 Geology 89 
4.3.2 Topography 91 
4.3.3 Glacial history 93 
4.3.4 Areas for detailed study 97 

4.4 Methodology 

4.4.1 Range of methods 99 
4.4.2 Mapping- 100 
4.4.3 Lithofacies logging 104 
4.4.4 Clast lithological analysis 107 
4.4.5 Clast shape analysis - 108 
4.4.6 Particle-size analysis 116 

4.5 Summary 117 

Chapter Five: Eastern Transection Complex: North 
5.1 Topography and geology 129 
5.2 Gleann Torra-mhichaig 

5.2.1 Loch Lomond Readvance limits 133 
5.2.2 Valley-side moraines 134 
5.2.3 Valley-floor moraines 139 

5.3 Coire Mör 

5.3.1 Loch Lomond Readvance limits 143 

"5.3.2 Northern. valley side 144 
5.3.3 Southern valley side 150 

5.4 Loch Ainort basin 
5.4.1 Loch Lomond Readvance limits 154 
5.4.2 Patterns of debris provenance and transport 155 
5.4.3 Valley sides above Loch Ainort 161 



viii 

5.4.4 Allt Mhic Mhoireinn 166 

5.4.5 Coire nam Bruadaran, Coire na Seilg 

and Coire Choinnich 167 

5.5 Conclusions 173 

Chapter Six: Eastern Transection Complex: South 
6.1 Topography and geology 205 

6.2 Strollamus 
6.2.1 Introduction 209 

6.2.2 The Strollamus erratic train 211 

6.2.3 Lower Srath Beag: debris provenance and 
Loch Lomond Readvance limits 213 

6.2.4 Upper Srath Beag and Coire Reidh 219 

6.3 Srath Mör: north 
6.3.1, Loch Lomond Readvance limits 224 

6.3.2 Moraine morphology 225 

6.3.3 Debris provenance and transport 228 

6.3.4 Glacial deposition and deformation 232 

6.3.5 Northern Srath Mör: summary and discussion 236 

6.4 The Loch Slapin basin 
6.4.1 Loch Lomond Readvance limits 238 

6.4.2 Eastern side of Loch Slapin 239 

6.4.3 Central Srath Mör 243 

6.5 Summary- 246 

Chapter Seven: The Independent Corrie Glaciers 

7.1 Introduction 275 

7.2 Eastern Red Hills 

7.2.1 Topography and geology 276 

7.2.2 - Coire Seamraig 278 

7.2.3 Coire Fearchair 280 

7.2.4 The Coire Gorm basin 281 

7.3 The Black Cuillin 
7.3.1 Topography and geology 285 

7.3.2 Coire nan Laogh 288 

7.3.3 Coir' a' Ghrunnda 290 



ix 

7.3.4 Coire Lagan 292 
7.3.5 Coire na Banachdich 295 
7.3.6 Coire a' Ghreadaidh 298 
7.3.7 Coire na Creiche 301 

7.4 Discussion: Controls on debris transfer and glacier activity 
7.4.1 Rockwall distribution and the within-valley 

asymmetry of lateral moraines 306 
7.4.2 Debris transport mechanisms 311 
7.4.3 Moraine distribution and the style of glacier retreat 319 

7.5 Conclusions 325 

Chapter Eight: Synthesis and Implications 
8.1 Introduction 360 
8.2 Summary of results 

8.2.1 Debris transfer and moraine formation 360 

8.2.2 Moraine distribution and patterns of glacier retreat 370 

8.3 Implications and areas for future research 
8.3.1 The genesis and significance of Scottish 

'hummocky moraine' 372 
8.3.2 Future applications of the debris transfer model 373 

Appendix: Modelling Glacier Velocities and Basal Shear Stresses 
Outline 
Assumptions and sources of error 
Equations 
The program 
Program listing 

Results 

384 

384 

388 

393 

395 

403 

References 406 



1 

Chapter One 

Introduction 

1.1 Scope of the thesis 

The subject of this thesis is the long-standing problem of the genesis 
and significance of 'hummocky moraine' in the Scottish Highlands. 
The subject was chosen with two principal objectives in mind. The 
first is the establishment of the significance of particular occurrences of 
moraines for local landscape evolution and deglacial history, and is 

thus area- and time-specific. The second objective is broader in scope, 
and is the testing and refinement of a general model of the behaviour 

of temperate, maritime valley glaciers as agents of erosion and 

sediment transfer. 

In the following chapters these objectives are pursued in a series of 
inter-related case studies within the overall context of sediment 
transfer in glaciated valleys. The case studies deal with a variety of 
moraines of Loch Lomond Stadial age on the Island of Skye, Scotland. 
The study areas were chosen in order to isolate and assess the 

significance of a number of possible controls on moraine genesis, 
including bedrock lithology and structure, local and basin-scale 

topography, and the distribution of pre-existing regolith. Both 

empirical and theoretical approaches were employed, incorporating a 

range of geomorphological, sedimentological and mathematical 

modelling techniques. 

The results of the thesis have important implications for current 

understanding of the nature of geomorphological and climatic change 
during the later part of the Loch Lomond Stadial. In addition, the 

principal conclusions have been synthesised in a general model of 
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debris entrainment, transport and deposition that can be applied to 

moraine formation in other maritime upland areas. 

1.2 Background and Rationale 

The problem of the origin of 'hummocky moraine' in the Scottish 

Highlands is an important one, and has a bearing on several branches 

of earth science, such as glacial and periglacial geomorphology, 

glaciology, and palaeoclimatology. It has been argued (eg. Sissons 

1975a) that large areas of 'hummocky moraine' occur only in areas 
that were occupied by glacier ice during the Loch Lomond Readvance, 

and consequently such moraines have been used, often in conjunction 

with other morphological evidence, as the basis for reconstructions of 

glacier dimensions and regional palaeoclimate. The validity of this 

procedure has been questioned (eg. Sugden 1974a, b, 1980), and a case 
has been made that the distribution of 'hummocky moraine' reflects 
diachronous patterns of ice sheet decay and bears no systematic 

relationship to the limits of any one glacial event. Scottish 

'hummocky moraine' has been variously adduced as evidence for (1) 

widespread climatically-forced glacier stagnation; (2) topographically- 

controlled glacier stagnation; (3) incremental, active glacier retreat; and 
(4) subglacial and proglacial deformation. In addition to these four, 

other models have been proposed to account for occurrences of 

'hummocky moraine' elsewhere in the world. It is clear from this 

brief review that an-improved understanding of the genesis of Scottish 

'hummocky moraine' is necessary before the nature and pace of 

geomorphic change during the Loch Lomond Stadial can be fully 

assessed. 

Not least of the problems associated with Scottish 'hummocky 

moraine' is the definition of the term itself. Despite the significance 
that has been attached to 'hummocky moraine', no formal definition 

has been proposed, and the term has been applied to landform 
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assemblages of widely-differing character, both in Scotland and 
elsewhere. In the most detailed published description of the 

morphology of Scottish 'hummocky moraines', Sissons (1967a, p. 97) 

stated: 

'... the moraines appear to form a sea of chaotic mounds 
lacking any systematic arrangement. It may be that in some 
valleys there is in fact little pattern ... often, however, the 

mounds occur in lines and when ... mapped in detail quite 
distinct patterns may become apparent. On the floors of some 
valleys the moraines comprise straight or almost straight 
ridges or lines of mounds. ' 

Elsewhere in the Scottish literature, references to the detailed 

morphology of 'hummocky moraine' are few. For example, Sissons' 
descriptions are often restricted to single sentences or phrases, such 

as: 'innumerable hummocks with abundant boulders resting on 
them' (Sisson 1974a, p. 10), 'highly irregular terrain comprising large 

numbers of mounds' (Sissons 1974c, p. 95) and 'boulder-strewn 

mounds of fresh appearance' (Sissons 1977b, p. 53). Such descriptions, 

and the stippled tone that was employed to portray 'hummocky 

moraine' on the accompanying maps, tended to emphasise the 

chaotic, disorganised appearance of the moraines, although other 

workers made further reference to some form of pattern or regularity. 
For example, Sugden (1974a, p. 21) stated that 'hummocky moraine' 
'... seems to be an extremely irregular, random series of bumps [but] 

when you map them or photograph them you find that they are in 

fact linear', and Price (1983, p. 117) referred to 'steep-sided conical 

mounds, short ridges aligned in echelon and chaotic assemblages of 

mounds, ridges and kettle holes'. The importance of transverse 

and/or longitudinally-oriented linear elements has been emphasised 
by numerous authors (eg. Peacock 1967; Gray and Brooks 1972; 

Hodgson 1982,1987a; Eyles 1983a; Horsfield 1984). 
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Eyles (1983a) suggested that the genesis of Scottish 'hummocky 

moraine' could be explained entirely in terms of a depositional 

model that was developed for modern Icelandic glaciers. Modern 

analogues are of undeniable importance in the interpretation of 
ancient glacial sediments and landforms, and have been widely 
employed in the present thesis. However, there are important 
limitations to this approach. First, significant proportions of 
currently-glaciated basins may be inaccessible or adverse to 

observation (eg. Harris 1977; Vivian 1980), by contrast with 
deglaciated landscapes where large areas of former glacier catchments 
are accessible to study. Second, in modern environments, the full 
duration of a set of glacial processes may not be observable. The 
long-term operation of such processes can be inferred from glacial 
sediments and landforms by treating landsystems as evolutionary 
sequences, and using space as a surrogate for time (eg. Boulton 1967; 
Wright 1980). Third, the spectrum of modern glacial environments 
may not incorporate the full range of conditions that were extant 
during Pleistocene glaciations of the mid-latitudes. Studies of relict 
glacial sediments and landforms therefore provide a valuable 
supplement to observations of modern glacial environments. 

In view of the above, and the controversy surrounding the genesis 
of Scottish 'hummocky moraine', it was decided to conduct a 
broad-based study in which individual moraine types were studied 

not in isolation, but as part of a continuum of glacial, periglacial and 

paraglacial landforms (cf. Boulton and Eyles 1979; Gordon and Birnie 

1986; Clark 1987a). The Cuillin Hills on Skye were chosen as a study 

area because they contain within a compact area a wide variety of 

moraine forms in basins of contrasting geology, topography, aspect 

and size. In addition, the moraines in the study areas are known, 

from independent evidence, to have been deposited during the Loch 

Lomond Stadial of c. 11-10 ka bp (Walker et al. 1988; Ballantyne 

1989a). The area thus provides an opportunity to assess the 
importance of a number of possible controls on moraine distribution 
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and formation, and to study in detail landforms relating to the retreat 
of Loch Lomond Readvance glaciers. 

Within this broad, basin-scale approach, four themes were chosen 
for particular attention. First, the nature of debris entrainment by the 
former glaciers was investigated, with particular reference to the 

nature of debris sources and the influence of topography and bedrock 
lithology and structure. Second, the nature and mechanisms of glacial 
debris transport were reconstructed. Third, attention was focused on 
the processes and locations of moraine formation, and on the 

question of whether the moraines formed in association with active 
or stagnant ice. Finally, the implications of moraine assemblages for 

the style and pace of deglaciation were examined. 

Each of these themes is sufficiently complex to form the subject' of a 
thesis in its own right. However, before more detailed treatments of 
particular problems can be achieved, it is necessary that the links 
between the major components of the system are first established. In 
the present thesis, the choice of problems for detailed study was 
guided by hypotheses that were generated in the course of 
preliminary mapping, and, less pragmatically, by aspects of the 
landscape that I found interesting or unusual. It is hoped that a 
balance has been achieved, and that the work contained in these 

pages will provide a stimulus to future research. 

1.3 Chapter outlines 

Chapter 2 is a review of work concerning the genesis and 

significance of 'hummocky moraines' in Scotland. The review covers 
the period from 1840 to the present, and places the controversy over 
the orgin of 'hummocky moraine' in its historical context. 

The broader, scientific context of the present study is established in 
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Chapter 3, which reviews the range of models that has been proposed 
to account for the origin of 'hummocky moraine' throughout the 

world. Particular attention is paid to the entrainment, transport and 
deposition of debris by valley glaciers, and the development of the 

concept of morainic 'landsystems'. Alternative models of 
'hummocky moraine' genesis are discussed, including those 

associated with glacier surges, sub-polar and polar thermal 

conditions, and subglacial deformation. 

In Chapter 4, the physical and methodological background to the 

study is set out. The first part of the chapter describes the 

characteristics and glacial history of the study area, and outlines the 

reasons why the Cuillin Hills of Skye constitute a fitting study area. 
The second specifies the particular research aims and describes the 

empirical methods that were employed for their resolution. A 

mathematical model that was developed for the reconstruction of 
glacier velocities, shear stresses and debris transfer rates is described 
in the Appendix. 

In Chapters 5,6 and 7, the results of the study are presented and 
interpreted. Chapters 5 and 6 are concerned with the moraines that 

were deposited within and at the margins of a transection glacier 
complex (part of the Cuillin Icefield, Ballantyne 1989a) that occupied 
the eastern part of the Cuillin Hills during the Loch Lomond 

Readvance. Chapter 7 deals with the deposits of a number of smaller, 
independent corrie glaciers of the same age. The area-by area case 

studies are organised in such a way as to develop a broadening 

understanding of the important controls on moraine genesis. The 

most important conclusions of each case study are summarised at the 

end of each chapter. 

The conclusions of the study are synthesised in Chapter 8, in which 

a general model of the formation of Lateglacial moraines applicable to 

the west of Scotland is presented. The model incorporates the effects 
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of spatial factors, such as geology and topography, and 
time-dependent variations in glacier activity. The thesis concludes 
with a discussion of the implications of the model for the significance 
of 'hummocky moraine' in Scotland, and a summary of the more 
promising areas for further research. 
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Chapter Two 

Historical Review of Research 

on 'Hummocky Moraine' in Scotland 

2.1 Outline 

This chapter reviews the development of ideas concerning the 

genesis and significance of hummocky moraine in Scotland. Four 
historical periods are defined: (1) 1840-1870; (2) 1870-1960; (3) 

1960-1980; and 1980 to the present day. Each of these periods is 

discussed in turn below. A number, of recurrent models of 
'hummocky moraine' genesis are identified, and their palaeoclimatic 

and palaeoenvironmental implications are critically examined. 

2.2 1840-1870: Beginnings 

In the years that immediately followed the intoduction of the 
Glacial Theory to Scotland, workers were mainly concerned with 
demonstrating the evidence for former glaciers, rather than exploring 
the precise significance of individual landforms (eg. Agassiz 1840; 

Buckland 1840; Forbes 1846; Chambers 1853). Nevertheless, many 

early observations demonstrated considerable insight into the origin 

of Scottish Lateglacial moraines. A striking resemblance between 

morainic 'tumuli' in Scotland and the deposits of modern Alpine 

valley glaciers was noted by Buckland (1840), and subsequent workers 

made good use of modern analogues in their interpretation of 
Scottish moraines. Agassiz (1842) drew attention to the predominance 

of angular material in the moraines in upland Britain, attributing 

this to passive glacial transport of debris derived from unglaciated 

nunataks and interfluves. This point was later amplified by Geikie 
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(1863, p. 90) who stated that: 

'... the moraine of a glacier is to a large extent composed of 
debris which has fallen upon the surface of the ice and has 

thus been carried down without undergoing any trituration 

... these stones are then shot over the end of the glacier, where 
they join those that have been ground down in a passage 
below the ice'. 

The model of predominantly supraglacial debris entrainment and 
passive glacial transport was widely accepted by early workers. For 

example, Young (1864, p. 457) commented upon an 'unusual number 
of scratched stones' in an area of moraines in the Southern Uplands, 

which he explained as being the result of reworking of older till. 

2.3 1870-1960: Jamieson to Charlesworth 

The association of moraines in upland Scotland with a limited 

valley glaciation that followed, full ice sheet conditions was well 
established by the 1860s (Geikie 1863), and in the years that followed, 

much research effort was devoted to the establishment of local 
deglacial chronologies. A large amount of early work of this kind was 
conducted by T. F. Jamieson. Jamieson (1874) provided detailed 
descriptions of the surface form and varied internal composition of 
irregular 'hummocky' moraines in the Scottish Highlands, which he 

interpreted as : the products of ice-contact deposition. Further, and 
importantly, he regarded the presence of pronounced areas of 
'hummocky moraine', as marking glacier stillstands or readvances, 

and inferred that intervening moraine-free areas provide evidence 
for periods of rapid glacier retreat. This interpretation had been briefly 

suggested ' by Archibald Geikie (1863), and was to have a major 
influence on the course of studies of Scottish ice-sheet chronology for 

almost a century. It was endorsed by James Geikie in the second 
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edition of his popular book 'The Great Ice Age' (1877). Geikie stated 
that: 

'... when a succession of somewhat colder seasons had greatly 
replenished its frozen reservoirs, the ice even readvanced, 
pushing moraines and gravel beds before it, and sometimes 
neither advancing nor retreating, it made longer or shorter 
pauses, during which large moraines gathered in front' (p. 
251). 

A contrasting case was argued by Harker (1901). Harker posited that 

chaotic morainic topography around the mountains of central Skye is 

equivalent to '... the "kettle moraine" of some American geologists' 
(1901, p. 246), and inferred that the landforms indicate in situ 
stagnation of a former icefield. The moraines were interpreted as: 

'... The material - superglacial, englacial, and infraglacial - 
finally deposited by stranded portions of the confluent 
glaciers, cut off from their supply behind and melting as they 
stood ... the absence of all ordinary moraine accumulations [ie. 

arcuate lateral and frontal moraines] ... suggests that the 
disappearance of the ice was a somewhat rapid event' (p. 247). 

It thus appears probable that Harker imported an 'areal stagnation' 
interpretation of apparently chaotic 'hummocky moraine' from 

North America around the turn of the century. Unfortunately for 

historians of geomorphology, he did not provide any references 
(although Charlesworth (1957) referred to American literature on 

areal stagnation dating back to 1896). 

In the Geological Survey memoir for south-central Skye, Clough 

and Harker (1904) reiterated the areal stagnation model. However, the 

officers of the Geological Survey more usually followed Jamieson and 
Geikie, and interpreted all morainic mounds and ridges as the 
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products of actively-retreating ice (eg. Barrow et al. 1905; Kynaston 

and Hill 1908; Barrow and Cunningham-Craig 1912; Barrow et al. 
1913; Peach et al. 1913; Hinxman and Anderson 1915; Bailey and 
Maufe 1916; Hinxman et al. 1923; Read et al. 1926). These authors 
tended not to identify 'hummocky moraine' as a distinct type of 
landform, and often referred to all morainic accumulations (many of 
which have been subsequently mapped as 'hummocky moraine') as 
lateral or frontal moraines. 

This work was in keeping with that of other researchers in Scotland 

at the time. Almost invariably, pronounced areas of moraines were 
used to infer climatically-induced ice-margin fluctuations (eg. 
Jamieson 1906; Bremner 1918,1932; Charlesworth 1926a, b, 1956; 
Synge 1956). Large numbers of glacial readvances were proposed in 

these studies, often involving considerable problems of correlation. 
The strength of the assumption of climatic control on moraine 
distribution is well illustrated by the following quote from 
Charlesworth (1926a, pp. 17-18): 

'Glaciers fed by the same snows of the same hills, possessing 
the same aspect and flowing on parallel courses, have 

produced in the one case a magnificent series of morainic 
mounds and ridges ... for a distance of several miles, while in 

the other valley there is a complete absence of moraines, 
though presumably the same periodic or unperiodic halts 

marked its recession'. 

Simpson (1933) provided a rare alternative explanation, arguing 
that moraines may form where ice margin stability is encouraged by 

the topography, rather than climate, thus contending that moraine 

accumulations in adjacent valleys may be diachronous and are not 

necessarily results of a regional climatic deterioration. 

An attempt to draw together an ice-sheet chronology for the whole 
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of Scotland in a single work was made by Charlesworth (1956). A large 

number of retreat stages was portrayed in a series of maps, although 
the detailed evidence for specific ice margin positions was rarely 
presented. However, the text provided an explicit statement of the 

assumption that underpinned most of the work that was conducted 
during this period: that all accumulations of ice-marginal sediments 
are indicative of stationary or advancing glaciers responding to 

climatic fluctuations. 

Charlesworth was extremely well versed in the literature relating to 

glacial sedimentation, including non-English language publications 
(cf. Charlesworth 1957). He was aware of the arguments for areal 
stagnation of ice masses as opposed to 'active retreat', and his 

preference for the latter as a model of the deglaciation of Scotland was 
based on reasoned argument. Although accepting that certain areas of 
chaotic, kettled moraines imply sedimentation in contact with 
stagnant ice, he pointed out that stagnation may have occurred only 
in limited marginal areas that shifted upvalley during the retreat of 
an otherwise active glacier. Thus, he argued, wide areas of 'dead ice' 

topography do not necessarily imply widespread synchronous ice 

stagnation. 

In a discussion of the evidence for glacial sedimentation in 
Scotland, Charlesworth (1956, p. 903) made some interesting 

comments on the controls underlying the distribution and 

magnitude of moraines: 

'The size of a moraine depends ... not only upon the duration 

of the halt and of the preceding recession during which frost 

was active, but upon two factors which are unrelated to time, 

viz, the steepness of the hillsides and the nature of the rock 

which supplied the moraine'. 

Much of Charlesworth's detailed work on the deglaciation of 
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Scotland has since been argued to be invalid (eg. Sisson 1961,1976a). 
Certainly, many of his assumptions and approaches have been 

superceded, a fact that has tended to obscure his real achievements 
and contribution to Scottish Quaternary studies. 

2.4 1960-1980: The 'hummocky moraine' controversy 

After 1960, interpretation of the climatic significance of Scottish 

moraines underwent a transformation (Sugden 1980). A wider range 
of techniques became available for the establishment of deglacial 

chronologies, most notably biostratigraphy, radiocarbon dating, and 
the detailed survey of raised shoreline altitudes (eg. Donner 1957; 
Kirk and Godwin 1963; Sissons 1967a, b, 1976; Sutherland 1984a). As a 
result, the number of readvances that were inferred to have followed 

the last glacial maximum was rapidly rationalised to three 
(Aberdeen-Lammermuir, Perth, and Loch Lomond; Sissons 1967a), 

and by the 1970s only the Loch Lomond Readvance (Simpson 1933) 

was recognised (Sissons 1976a). 

The initial challenge to Charlesworth's interpretation of the 
deglaciation of Scotland was by Sissons (1961), who argued 
convincingly that much of the 'Lammermuir-Stranraer moraine' in 

southern Scotland is actually a series of time-transgressive glacio- 
fluvial features that formed as northwards-trending drainage was 
impeded by the stagnating Highland ice sheet. Subsequently, the idea 

that all pronounced areas of moraines represent former marginal 

positions of active ice masses increasingly fell from favour. Several 

authors emphasised the distinction between arcuate moraine ridges, 

which were interpreted as evidence of active ice, and areas of 
'hummocky moraine', which were regarded as indicative of 

widespread glacier stagnation. For example, Kirk et al. (1966, p. 69) 

referred to 'kame landscapes' as evidence of 'ice decaying rapidly in 

situ', and considered that only statigraphical evidence or the presence 
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of lateral and frontal moraines demonstrates the former existence of 
stable or advancing ice margins. 

The term 'hummocky moraine', which had been used sporadically 
since the early 20th Century, was popularised by J. B. Sissons (eg. 

1967a). Sissons applied the term to undifferentiated irregular 

topography, comprising both 'till' and glaciofluvial deposits, and 
which may or may not contain linear elements (cf. Chapter 1). 
'Hummocky moraine' was regarded by Sissons as evidence that 

glaciers in Scotland had been 'suddenly checked' (1967a, p. 143) by 

rapid climatic amelioration. 

An alternative position was taken by Thompson (1972), who argued 
that stagnation more probably occurred in limited marginal areas of 
otherwise dynamically-active, though retreating, glaciers. Thompson 

took the same view as Charlesworth (1956), and argued that large 

areas of 'hummocky moraine' could be deposited incrementally 
during glacier retreat. According to this view, large amounts of debris 

could be delivered to the glacier margins by active ice upvalley. 
Despite the logical appeal of this model, most workers in the 1960s 

and 1970s preferred the 'areal stagnation' hypothesis. 

Sissons' principal concern with 'hummocky moraine' was as an 
indicator of the presumed limits of the Loch Lomond Readvance. 
Noting that the downvalley termination of areas of 'hummocky 

moraine' was in some places coincident with clear lateral and frontal 

moraines of probable Loch Lomond Stadial age, he argued that where 

end moraines are absent, and where there is a clear limit to the 

'hummocky moraine', such a limit could be used to infer the extent 

of the readvance (Sissons 1967a, p. 139; 1973,1974c). In some cases, the 

coincidence of a 'hummocky moraine' limit and a downvalley erratic 
limit was also noted (Sissons 1979a; Cornish 1981). 

The distribution of 'hummocky moraine' in Scotland was 
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subsequently widely used (often in conjunction with other lines of 
evidence) to map the limits of the Loch Lomond Readvance (Sissons 
1967a, 1972a, 1973,1974a, c, 1975,1977a, b, c, 1979a, b, c, 1980; Sissons 

and Grant 1972; Gray and Brooks 1972; Thompson 1972; Robinson 
1977; Young 1978; Ballantyne and Wain-Hobson 1980; Cornish 1981; 
Gray 1982; Thorp 1984,1986; Lawson 1986). The use of such evidence 
was, in some cases, flawed and sometimes involved circular 
argument. For example, Sissons (1975, p. 25) listed among reasons for 
delimiting Loch Lomond Readvance glaciers from the distribution of 
'hummocky moraine' the fact that '... large areas of well-developed 
hummocky moraine exist in Scotland only in ground known or 
believed to have been covered by glaciers of the Loch Lomond 
Readvance'. Furthermore, this criterion was sometimes used 
inconsistently, with arbitrary limits being placed within areas of 
'hummocky moraine' (eg. Sissons 1977a, b). Elsewhere, Loch Lomond 
Readvance limits were mapped upvalley of well-developed areas of 
'hummocky moraine' because of the presence of known or suspected 
Lateglacial pollen sites within the moraines (Sissons 1977a, 1979a) or 
because of conflicting morphological evidence elsewhere (Sissons 
1979a, 1982; cf. Sugden 1980). 

The strongest attack on, Sissons' interpretation of 'hummocky 

moraine' came from D. E. Sugden and C. M. Clapperton. Sugden (1970, 
1974), Clapperton (1971) and Clapperton and Sugden (1972,1975,1977) 

argued that thick accumulations of 'hummocky moraine' formed 
during ice-sheet deglaciation where the emergence of topographic 
barriers cut off areas of ice from their sources. Conditions conducive 
to such stagnation were envisaged to occur (1) down-valley of rock 
bars or restricted valley reaches; (2) at the heads of deeply-incised 

troughs; or (3) where ice flow had been oblique to the grain of the 
land. Thus, they argued, the distribution of 'hummocky moraine' 

was not related to any particular readvance event, but to the 
distribution of locations conducive to the isolation of portions of a 

wasting ice sheet. 
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This model was presented by Sparks and West (1972, pp. 77-78) in 

their popular textbook. Its use by Sugden (1970) directly called into 

question the work of Sissons (1967a) in the Grampians, which gave 

rise to a lively exchange of views (Sugden 1972,1973,1974a, b, 1980; 

Clapperton et al. 1975; Sugden and Clapperton 1975; Sissons 1972b, 

1973,1974a, b, 1979a; Sissons and Grant 1972). 

Two issues may be distinguished regarding the viewpoints 
expressed. 

(1) The association of 'hummocky moraine' with former ice 

stagnation was not disputed. Although opinion differed regarding the 

predominant composition of the moraines, with Sissons 

emphasising the 'till' component and Sugden and Clapperton 

stressing the abundance of water-sorted sediments, a concensus 
existed that 'hummocky moraine' was indicative of widespread 
glacier stagnation. 

(2) Opinion was polarised regarding the setting and stage significance 
of ice stagnation. Sissons maintained that 'hummocky moraine' is 

strongly associated with the former glaciers of the Loch Lomond 
Readvance, and that areal stagnation followed rapid climatic 
amelioration. By contrast, Sugden and Clapperton argued that ice 

stagnation more probably occurred in favourable topographic 
locations during general ice-sheet deglaciation, and that synchroneity 

of deposition could not be inferred. 

The debate highlighted the need for detailed work on the 

morphology and genesis of 'hummocky -moraine' in order to test the 

assumptions that were employed by geomorphologists in Scotland. 

Sugden (1980, p. 19) concluded that '... there would seem to be a case 
for maintaining an open mind about the significance of "hummocky 

moraine" ... and until its origin and age relationships are investigated 
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in detail, climatic reconstructions based on one interpretation must 
be viewed as speculative'. 

2.5 1980 to the present 

The first detailed study of 'hummocky moraine' in Scotland was 
presented by Hodgson (1982), in conjunction with interesting and 
innovative work on fluted moraines. Following his premature death, 

parts of his work have been prepared for publication (Hodgson 1986, 
1987a, b). Hodgson's work on 'hummocky moraine' centred upon 
moraines of probable Loch Lomond Stadial age in Coire a' Cheud 
Cnoic ('the Valley of a Hundred Hills') in Torridon, Wester Ross. The 

study presented selected sedimentological data (clast form, roundness, 
lithology and fabric, and sediment granulometry) gathered from a 
series of samples obtained from pits (c. 1m deep) dug mostly in the 

crests of morainic mounds. Small natural sections were also 
investigated in order to provide comparative data from depth below 

the mound crests. 

Hodgson concluded that the material in the moraines consisted of 
'till' that had been originally deposited during ice-sheet deglaciation, 

combined with a component that had been eroded subglacially during 

the Loch Lomond Readvance. The morphology of the moraines was 

attributed to the deformation of this material, both between minor 
lobes of the advancing Loch Lomond Readvance glacier and, more 
importantly, subglacially. This radical interpretation was argued from 

a number of points. 

(1) Linear elements are present in the landform assemblage that 

appear to parallel the direction of former ice flow in the area. The 

moraines were therefore regarded as part of a continuum of forms 

between chaotic and fluted topography. 
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(2) No stratification or sorting was noted in the material. 

(3) Extrabasinal material occurs in the gravel and coarse sand fractions 
(-6 to00). 

(4) The lithology of erratic boulders in the area of moraines was 
argued to be incompatible with supraglacial entrainment, due to the 
distribution of possible bedrock source areas. 

(5) Short transport distances were inferred from the coarseness, lack 

of striations, angularity and form characteristics of the clasts within 
the moraines. 

(6) In 10 out of 20 cases, measured clast fabrics showed significant 
preferred orientations parallel to moraine ridge crests. 

Hodgson (1982,1987b) made less exhaustive studies of other 
occurrences of 'hummocky moraine' in the Torridon area, and 

reached similar conclusions regarding their origin. He considered 
that the subglacial deformation and deposition model was of 

widespread applicability, although he conceded that "... it is likely that 

some Loch Lomond Readvance glaciers produced hummocky 

moraines by other processes' (1982, p. 196). 

The possibility that certain areas of 'hummocky moraine' formed 

subglacially has also been suggested by other workers. The moraines 

around Sligachan on Skye, which were originally interpreted as 
ice-stagnation topography by Harker (1901) (Section 2.3), were 

reinterpreted as a 'drumlin field' by Donner and West (1955) on the 

basis of landform morphology and clast fabric analyses. Additionally, 

Gray and Brooks (1972) suggested a genetic link between fluted 

moraine and certain types of 'hummocky moraine' on the island of 

Mull. 
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However, some of Hodgson's conclusions regarding the moraines 
in Coire a' Cheud Cnoic are open to question. Although the clast 
lithological data convincingly show that much of, the debris in the 

moraines was derived from (a) , over-ridden ice-sheet deposits and (b) 

subglacial erosion, no inferences may be made regarding the position 
and processes of deposition on this evidence alone. Recently-exposed 

sections in the area have been examined by the present writer, and 
these indicate deposition by subaerial sediment-gravity flow and 
meltwater, rather than by subglacial processes. Moreover, it has been 

argued that the moraines do not parallel the direction of former ice 
flow in the area, and that they may be a series of stacked lateral 

moraines representing successive ice margin positions (G. S. Boulton, 

pers. comm. ). It is notable in this respect that clast fabric modes 
parallel to the crests of push moraines have been reported by 
Derbyshire et al. (1976,1980). Therefore, it is possible that the 

moraines formed at the margins of an actively-retreating glacier, 
rather than below over-riding ice. 

The view that areas of 'hummocky moraine' in Scotland are the 

product of actively-retreating glaciers was held by Eyles (1983a). Eyles 

argued that the moraines formed when thick mantles of supraglacial 
debris, derived from valley sides, were reworked during uneven ice 

ablation at the stagnant margins of otherwise active glaciers. This 

argument was supported by observations made at the margins of 

glaciers in Iceland. These and other observations were used as the 
foundation of the glaciated valley landsystem model (cf. Eyles 1978a, 

1979; Boulton and Eyles 1979). The development of the glaciated 

valley landsystem model was an important attempt to organise 

observations of valley glaciers and their deposits into a coherent 

system, and the suggestion that the model is applicable to the Scottish 

Lateglacial has major implications for current understanding of the 

pattern and style of deglaciation. 

However, although Eyles' paper was ambitious in scope, it suffered 
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from a lack of detailed observations. For example, although his 

model emphasised the importance of supraglacially-entrained debris, 
he failed to recognise the presence of subglacially-entrained material 
in moraines in the Torridon area. Moreover, the paper contains a 
number of unsubstantiated or inadequately-referenced statements 
regarding the character of moraines in the Scottish Highlands. For 

example, he stated (1983a, p. 55): 

'... upvalley the distribution of hummocky moraine is more 
controlled in the form of linear medial moraines along the 
valley centre-line or as lateral moraines. This is most clearly 
expressed along the valleys draining the former Gaick ice cap 
and in the area of Glen Torridon where a distinct medial and 
lateral distribution of hummocky moraine can be mapped 
(eg. Fig. 2 in Sissons 1977a and Figs. 5,6,8,9 in Sissons 
1977b)'. 

The patterns described are not clearly evident in the maps referenced, 
and more detailed work is required before these intriguing 

suggestions can be verified. Elsewhere, Eyles (1983a, p. 57) referred to 
'... the presence of push and dump moraine ridges among tracts of 
hummocky moraine', again citing Sissons (1977b). However, Sissons 

stated that transverse moraines only occur close to the maximum 

extent of the former glaciers, and referred to a single 'possible 

exception' (1977b, p. 53) as 'anomalous' (1977b, p. 57). 

Eyles' use of modern analogues in the interpretation of Scottish 

moraines has been critisised by Raper (1988) who pointed out the 
importance of Postglacial slope processes in the evolution of 
landsystems in mountain areas. 

Despite these shortcomings, Eyles' work is a welcome influx of new 
ideas into the study of Scottish Lateglacial moraines, particularly in its 

use of modern analogues. The glaciated valley landsystem model is 
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reviewed in detail in Chapter 3, alongside other models of 
'hummocky moraine' genesis. 

An uncritical attempt to interpret the deglaciation of Scotland using 
an 'active retreat' model was made by Horsfield (1984). From the 
interpretation of aerial photographs of a large part of the Grampians, 

Horsfield delineated numerous transverse linear features, which he 
interpreted as successive positions of actively-retreating glaciers. He 

argued that earlier workers had been in error in mapping areas of 
'hummocky moraine' in the Grampians, and the apparently chaotic 
nature of the moraines is not borne out by areal study. Horsfield did 

not attempt to examine the mapped morainic features in the field, 

and explained their origin in broad terms, invoking ice push, 
marginal dumping, till squeeze, controlled stagnation and 
submarginal deposition as possible mechanisms. 

Horsfield combined his interpretation of the mapped moraines 
with a mathematical modelling exercise, and produced a redefinition 
of the limits of the Loch Lomond Readvance and a proposed scheme 
of deglaciation for the south-west Grampians. The proposed glacial 
limits severely conflict with the concensus of several other workers 
that was reached using multiple criteria, including the distribution of 

raised shorelines, periglacial trimlines, and pollen stratigraphy, in 

addition to morphological evidence (summarised by Thorp 1984; 

1986). Horsfield's dismissal of such criteria as 'secondary' and 

ambiguous is unwarranted in view of the lack of ground truth in 

support of his interpretation of aerial photographs. His interpretation 

of the remote sensing data requires critical testing by detailed field 

surveys before any argued implications can be considered seriously. 

Nevertheless, his work did lend support to the idea that transverse 

linear elements are widespread in Scottish 'hummocky moraine'. 
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2.6 Summary 

Since the advent of the glacial theory, widely differing views have 
been taken of Scottish 'hummocky moraine'. Non-linear, 
longitudinal and transverse linear elements have been variously 
emphasised, with corresponding differences in interpretation. 

The genetic models that have been proposed can be divided into 

three groups. 

(1) Deposition by actively-retreating glaciers. 
This view, first made explicit by Jamieson, was favoured by most 

workers until the 1960s. It has recently been reintroduced to Scotland 
by Eyles (1983a) under the more modern form of the glaciated valley 
landsystem model. The model emphasises the presence of transverse 
linear elements in areas of 'hummocky moraine', which are 
interpreted as successive ice margin positions. The greater part of the 
debris in the moraines is believed to have been supraglacially 
entrained. The model is examined in detail in the following chapter. 

(2) In situ glacier stagnation. 
Harker (1901) appears to have introduced to Scotland the concept of 

deposition from climatically-dead ice, a model which did not gain 
favour in that country until the 1960s. The model was advocated by 

Sissons and by Clapperton and Sugden, although opinion was 
divided regarding the setting and stage significance of stagnation. 

(3) Subglacial deformation and deposition. 
Hodgson (1982) emphasised the presence of longitudinal elements 

in certain areas of 'hummocky moraine', and advocated a subglacial 

origin. Although much of the evidence that he presented is 

ambiguous, his work indicates that subglacial erosion and/or 

over-ridden sediments were of at least local importance as sources of 
debris to glaciers during the Loch Lomond Readvance. Furthermore, 
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observations made by others elsewhere in Scotland (eg. Donner and 
West 1955; Gray and Brooks 1972; J. D. Peacock pers. comm. ) do suggest 
that some relationship may exist between certain occurrences of 
'hummocky moraine' and the former action of subglacial processes. 

Hitherto, little consideration has been given to the possibility that 
Scottish 'hummocky moraine' may be polygenetic (cf. Sugden 1974b, 
1980). This possibility is examined in the following chapter, in which 
the range of models that has been proposed to account for the genesis 
of 'hummocky moraine' is reviewed in the overall context of alpine 
geomorphology. 



Chapter Three 

Glaciated Valley Systems and Models of 'Hummocky 

Moraine' Formation 

3.1 Outline 

The previous chapter showed that various workers have made 
conflicting interpretations of the significance of Scottish 'hummocky 

moraine'. The geomorphological and climatological implications of 
'hummocky moraine' in Scotland have been largely (but not wholly) 
debated in the context of local glacial chronologies, outside the 
mainstream of systematic glacial geomorphology and sedimentology. 
In order to provide a perspective on the problem of 'hummocky 
moraine' genesis and establish a framework for the present study, 
this chapter reviews (i) current understanding of sediment transfer- in 

valley glaciers, and (ii) the range of depositional models that has been 

proposed to account for ancient and modern occurrences of 
'hummocky moraine'. The initial sections deal with the general 
characteristics of valley glacier systems, with particular reference to 
the provenance, transport and deposition of debris. This review is 

then used as a context for consideration of individual models of 

moraine formation and their distinguishing features. 

3.2 Rationale: The Importance of Modern Analogues 

The principle of uniformitarianism, central to the historical earth 

sciences, carries the implication that models of moraine genesis 

cannot be incompatible with what is known of modern glacial 
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systems. Although exact modern analogues of former conditions 
may not be available (Shaw 1980), it can be assumed that the 
fundamental character of glacial systems has remained constant, and 
that ice masses are subject to constant chemical and physical 
principles. A considerable body of work has focused on modern 
glacial environments and their geomorphic and sedimentologic 
products, and excellent modern syntheses of a large literature are now 
available (eg. Sugden and john 1976; Eyles 1983b; Eyles and Miall 
1984; Edwards 1986; Drewry 1986; Gurnell and Clark 1987; Goldthwait 
and Matsch 1988). The perspective offered by this work is important 
on more than one level. At small scales, the literature provides an 
insight into the detailed relationships between particular processes 
and sediments and/or landforms; and such relationships are often 
considerably more intricate than purely intuitive models would 
suggest (cf. Boulton 1972a). At larger scales, work on glacial systems 
can offer an understanding of how specific depositional landscapes 
(such as 'hummocky moraine') are set in the wider context of the 
glaciated basin, by demonstrating the major links between external 
controlling variables and glacial processes (eg. Eyles 1983c; Fenn 1987). 

In this study, modern analogues are employed to generate 
hypotheses of moraine genesis. The northern and western Highlands 

of Scotland are an example of a glaciated alpine landscape (Sugden 

and John 1976), and the closest modern parallels to environmental 
conditions during the Scottish Lateglacial are likely to be currently 
glaciated valleys in temperate maritime areas. The following sections 
review current understanding of glacial processes in such areas, with 
particular reference to debris transfer and depositional processes. 



26 

3.3 - Valley Glaciers and Sediment Transport 

3.3.1 Introduction 

The distinctive nature of valley glaciers has long been recognised 
(Agassiz 1842; Geikie 1863; Ahlmann 1948; Sharp 1948,1949). In 

contrast to ice sheets, valley glaciers are strongly constrained by 

topography, and large-scale flow patterns are primarily governed by 

the form of pre-existing valleys, although in the longer term the 

valley network can be significantly modified by glacial action (Linton 
1963). The presence of extraglacial slopes above valley glaciers is of 
fundamental importance. The juxtaposition of geomorphologically- 
active slopes and the high transport competence of glacier ice results 
in a great capacity for sediment yield and transfer, particularly in areas 
of high relative relief and/or precipitation (Hewitt 1972; Clark 1987a). 

In recent years, a number of workers have developed integrative 

models of debris transfer in glaciated valleys. In such models, 

emphasis is placed on the inter-relationships between geology, 
topography and climate through the flux of materials and energy (eg. 

Gurnell and Clark 1987). One practical result of this approach is that 

glacial and periglacial landforms and sediments can be studied as 

related end-products of a common set of processes and 

environmental conditions, rather than unique and isolated 

phenomena (eg. Gordon and Birnie 1986). 

Useful overviews of valley glacier systems have been given by 

Boulton and Eyles (1979), Eyles (1983c), Gordon and Birnie (1986) and 

Gurnell and Clark (1987). Boulton and Eyles' work was primarily 

concerned with ice-marginal sedimentation and its relationship to 

debris supply and glacier dynamics. The term Glaciated Valley 

Landsystem was introduced, and defined as the sum of landforms, 

sediments, and processes characteristic of glaciated mountains. The 
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term was adopted by Gordon and Birnie (1986), who combined 
Boulton and Eyles' model with the concept of the alpine coarse debris 

system (Barsch and Caine 1984) which allowed them to outline the 
important links between debris supply, transport, and a range of 
periglacial and glacial depositional landforms (Fig. 3.1). 

A more comprehensive treatment of valley glacier systems was 
provided in the volume edited by Gurnell and Clark (1987), in which 
the concept of the Alpine Sediment System was introduced (Clark 
1987a). The concept shares important characteristics with the 
Glaciated Valley Landsystem, but devotes greater attention to the role 
of material and energy transfer, the importance of spatial and 
temporal variations in environmental conditions, and topographic 

and climatic controlling variables. 

Such integrative approaches to the morphology and dynamics of 
glaciated valleys are part of the broader, rapidly-developing 
disciplines of sedimentary basin analysis (Eyles and Miall 1984) and 
systems theory (Chorley et al. 1984). A sedimentary basin is a 
geographical unit which, for practical purposes, can be regarded as a 
closed system as regards the transfer of sediment. In the case of 
glaciated valleys, the upper boundaries of sedimentary basins can 

often be exactly defined by the position of surrounding mountains 

and connecting ridges. Although ice cover may have been 

continuous over cols from one valley system to another, sediment 

catchment areas (as distinct from snow catchment areas) can be 

determined by the position of ice sheds. The lower limit of glacial 

sedimentary basins is less easily defined, because sediment can be 

transported for considerable distances beyond the glacier margins by 

fluvial, aeolian, lacustrine, or marine processes (Eyles and Miall 1984; 

Edwards 1986). For present purposes the limit of a glacial sedimentary 
basin is defined as the lower limit of sediments deposited in close 

proximity to glacier ice. 
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The transfer of material through a glaciated valley may be analysed 
in terms of a debris cascade, in which material moves towards more 
stable positions within the'sedimentary basin (cf. Sugden and John 
1976; Croot 1978; Fenn 1987). At a given time, the positions of 
sedimentary particles depend stochastically upon the positions and 
rates of particle release, the distribution, competence, and duration of 
transport mechanisms, and the positions of low-energy sediment 
sinks. A full understanding of the controls on the genesis of a 
sediment body must therefore take into, account upstream, in 

addition to local factors. Additionally, external controlling variables 
may operate at a basin scale. 

Debris moving through a glacial sedimentary basin can be regarded 

as travelling through three basic subsystems (Fig. 3.2; cf. Sugden and 
John 1976; Croot 1978). 

These are: 
(1) an entrainment subsystem, 
(2) a glacial transport subsystem, and 
(3) a debris release, deposition and deformation subsystem. 

These subsystems constitute a sequence that follows the progress of 
sedimentary particles through the debris cascade system. Each 

subsystem may operate in a variety of ways, each influenced or 
controlled by several independent variables. The particular processes 
that operated in former glacial systems may be reflected by 

characteristic signatures imprinted on particles or particle aggregates. 
This means that systematic study of debris in formerly glaciated 
basins can be used to discriminate between alternative hypothetical 

states of the system, or in other words, that data collection can be 

designed to test particular hypotheses based on theoretical 

considerations. Debris entrainment, transport, and deposition/ 

deformation form the subjects of Sections 3.3.3,3.3.4 and 3.3.5 below. 
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First, the nature and behaviour of glacier ice will be considered. 

3.3.2 Glaciological background 

The mechanical properties of ice are such that glaciers can maintain 
an equilibrium profile in steady state conditions (Paterson 1981). In 

theory, this profile can remain constant while ice is discharged 

through the system from areas of net snow accumulation to areas of 

net ablation. Most usually, accumulation areas are separated from 

ablation areas by an equilibrium line, where the net mass balance is 

zero, although on some ice masses in cold and areas no equilibrium 
line may be recognisable. For valley glaciers, variations in mass 
balance can be expressed as an altitudinal mass balance gradient 

which for small glaciers can be approximately linear (Schytt 1967; 
Meier et al. 1971; Boulton et al. 1984). In Scotland, the equilibrium 
lines of former glaciers have been calculated on this assumption by 

finding the area-weighted mean altitude of the reconstructed ice 

surface (see Appendix; Sissons 1974c; Sissons and Sutherland 1976). 

The actual values of the mass balance gradient determine the mass 
flux through the glacier. In maritime areas, mass balance gradients 

are high with a correspondingly high rate of glacier activity (Andrews 

1972a). 

The movement and geomorphological activity of glaciers are 

strongly related to conditions at the bed. In general terms, three basal 

boundary conditions are possible: 

(1) basal sliding on a rigid substrate; 
(2) no basal sliding on a rigid substrate; and 
(3) substrate deformation (with or without basal sliding). 

The importance of subglacial deformation of weak or unlithified 

materials has been widely recognised in recent years (Boulton et al 
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1974; Boulton 1982,1986,1987; Alley et al. 1987; Brown et al 1987), and 
is reviewed in Section 3.3.3. Here, attention is focused on the 
requirements for basal sliding. 

Significant sliding at the glacier sole requires that the basal ice is at 
the pressure melting point, due to the high adhesive strength of a 
frozen contact (Drewry 1986). The distribution of frozen and melting 
conditions is determined by a range of factors, such as climate, ice 
thickness and velocity, and the geothermal heat flux, and finds 

expression in the three-dimensional form of the pressure melting 
isotherm. Where this isotherm is generally above the bed, - basal 

melting is widespread and the ice is wet-based or temperate. 
Alternatively, if the pressure melting isotherm is everywhere below 
the substrate surface, the ice is everywhere frozen to its bed and is 

cold-based or polar. Intermediate situations, in which a glacier has a 
complex basal thermal regime, define sub-polar conditions (Boulton 
1972b). Localised areas of frozen bed conditions can occur below 
temperate glaciers due to pressure fluctuations (Weertman 1957; 
Robin 1976) or the ready evacuation of heat through thin marginal 
ice during winter (Boulton 1977a), with important geomorphological 
consequences. This topic is dealt with in more detail in Sections 3.3.3 

and 3.3.4 below. 

The physics of basal sliding are complex and are still incompletely 

understood (Raymond 1980; Drewry 1986). In broad terms, three 

mechanisms are known that can account for the movement of ice 

past rigid obstacles on the bed (Weertman 1957,1964; Raymond 1980). 

First, plastic deformation of ice may be enhanced in the vicinity of 
large obstacles due to increased stress. Second, regelation involves the 

melting of ice on the upglacier side of obstructions and the 

complementary refreezing of advected meltwater in the lee, allowing 
the glacier to move over the bed without deformation (Kamb and 
LaChapelle 1964). Regelation occurs in response to pressure-induced 

variations in the freezing point of watert that occur in the vicinity of 
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obstacles. The process is sustainable where the latent heat released by 
freezing can be conducted through the bed to contribute to stoss-side 
melting, although advected heat from other sources may also be 
important (Robin 1976). Effective sliding by regelation only occurs 
around obstacles below 1m across (Weertman 1964). The third process 
permitting basal sliding is the elevation or uncoupling of the ice 
from the bed by water under high pressure in cavities. The presence 
of water is 'a particularly important factor in sustaining high sliding 
velocities, especially during glacier surges. 

Surging glaciers exhibit periodic episodes of rapid movement, 
apparently unrelated to climatic factors (Meier and Post 1969; Sharp 
1988a). Glacier surges transfer large volumes of ice from 'reservoir' 

areas to the terminal zone. The very high surface velocities (c. 4-7 
km yr-1; Chorley et -al. 1984) are probably initiated by internal 
instabilities related to changes in subglacial hydrology (Robin and 
Weertman 1973; Kamb et al. 1985; Sharp 1988a). In non-surging 
glaciers, surface velocities commonly lie in the range' 3- 300 m yr-1 
(Chorley et al. 1984). 

3.3.3 The entrainment subsystem 

Debris entrainment is the primary input of clastic material into 

glacial transport. Two debris sources are possible: a) extraglacial 
slopes, and b) the ice-substrate interface (Boulton 1972b). 

Extraglacial Debris Supply 
Debris released subaerially may enter glacial systems from above by a 

variety of processes. Fine particulate material can be transported 

considerable distances on to ice surfaces by wind, but with the 

exception of volcanic areas subject to periodic pyroclastic activity 
(such as parts of Iceland) aeolian debris input is rarely significant. 
Volumetrically, the most important component of extraglacial debris 
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received by glacier ice is derived from superjacent slopes under 
gravity (Boulton and Eyles 1979). The parent material may consist of 
regolith or bedrock. If the parent material is a sediment, the 
characteristics of particles may remain those imparted by earlier 
processes, such as subglacial deposition. However, in many cases 
debris entrained by glaciers from extraglacial sources is derived from 

periglacially-weathered bedrock, with or without an intermediate 

period of storage Moulton and Eyles 1979; Eyles 1983c). Weathering 
in cold climates can proceed by mechanical or chemical processes. The 
latter have been generally considered to be insignificant, although 
some work suggests that this view may not be correct (Rapp 1960; 
Thorn 1988). 

Mechanical weathering releases particles by exploiting pre-existing 
weaknesses' in rocks, either at the granular scale (microgelivation) or 
along larger discontinuities (macrogelivation) (Tricart 1956). It is 

widely accepted that frost action is the principal mechanism, 
although hydration may also be important (Thorn 1988). The controls 
on periglacial mechanical weathering in nature are complex, but are 
known to include the structural properties of the material, the 

availability of water, and the frequency- and amplitude of freezing 

cycles (McGreevy 1981; McGreevy and Whalley 1982,1985; Lautridou 

and Ouzof 1982; Fenn 1987; Lautridou 1988). - Accelerated weathering 
in the immediate vicinity of late-lying snow beds and glacier 

randkluften has been demonstrated by Gardner (1987) and Ballantyne 

et al. (1989) 

The particle size distributions of periglacially-weathered debris may 

reflect the structural properties of the parent material (eg. Lautridou 

and Ozouf 1982; Lautridou 1988), and for granular rocks distributions 

are typically dominated by coarse material. Clasts derived from 

high-magnitude slope failures can be extremely large (Mudge 1965; 

Ballantyne 1986; Gordon and Birnie 1986). The production of clasts 

along discontinuities gives rise to dominantly angular and very 
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angular material (Matthews and Petch 1982; Vere 1986), although in 
some rock-types microgelivation can result in more rounded clasts 
(Ballantyne 1981). The axial dimensions of clasts are related to the 
distribution of discontinuities in the parent material (Allen 1985). For 
granular lithologies investigated by Ballantyne (1981,1982), slabby and 
elongate forms dominate over roughly equidimensional ('blocky') 
clasts (cf. Sutherland et al. 1984; Dowdeswell et al. 1985). 

Many slope processes operate in alpine environments and include 
rockfall, rock, snow and slush avalanching, landslipping, sediment- 
gravity flow, and creep, in addition to fluvial action (Rapp 1960; 
Church et al 1979; White 1981; Lewkowicz 1988). These processes, 
individually or in combination, deliver material to glacier surfaces 
both above and below their equilibrium lines (eg. Lindner and Marks 
1985). Debris transported on to glacier accumulation areas can enter 
englacial transport following burial by snow or ingestion in crevasses, 
while debris falling on to ablation areas remains on the glacier surface 
unless it enters crevasses or moulins. 

Rockfall from free faces is widely regarded as an important process 
(Luckman 1976; Church et al. 1979; White 1981; Lewkowicz 1988). 
Individual events vary in magnitude, from frequent, small- scale falls 
to low-frequency, high-magnitude rockfalls and rock-slides. The 

relative importance of low and high magnitude events in long-term 
debris supply rates is uncertain. A tentative magnitude-frequency 
curve for rockfall and rock-slide events in part of the Rocky 
Mountains has been constructed by Gardner (1980), which suggests 
that over long time scales falls of different magnitudes are of broadly 

equal importance. Gordon et al. (1978) estimated that a single debris 

slide on to Lyell Glacier, South Georgia, in 1975 deposited the 

equivalent of 93 years of 'normal' rockfall activity. However, the 

recurrence interval of such debris slides is unknown. 

There is some indication that the timing of high-magnitude slope 
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failures is -not random, but tends to coincide with episodes of 
deglaciation, due to the release of glacier-induced stresses and 
groundwater effects (Gardner 1982; Andre 1986). High-magnitude falls 
and slides are also known to be triggered by seismic shocks generated 
by tectonic stresses (Shreve 1966; Marangunic and Bull 1968; Reid 
1969) or pulsed isostatic uplift during deglaciation (Sissons and 
Cornish 1982a, b). 

Several studies have examined the spatial controls on rockfall 
activity, and the spacing and orientation of joints in the parent rock 
mass have been shown to be important (Gardner 1980,1983a; Francou 
1982; Andre 1986; Gordon and Birnie 1986). Present-day rockwall 
retreat rates in alpine environments range between 0.05 and 3.00 mm 
yr-1 (various sources, collated by C. K. Ballantyne), and similar values 
have been calculated for the Loch Lomond Stadial in Scotland 
(Ballantyne and Kirkbride 1987). 

Full-depth snow and slush avalanches may cause significant scour 
of debris slopes, and can transport debris for considerable distances 
(Caine 1969; Gardner 1973). Such avalanches can also be an important 

source of snow and ice accumulation on glaciers (Paterson 1981). 

Sediment-gravity flows (debris flows) are rapid downslope flows of 
sediment-water mixtures (Johnson 1970; Middleton and Hampton 
1973), and in maritime and alpine areas are most frequent during 

periods of snow melt and heavy rainfall (Jahn 1976; Larsson 1982; 
Theakstone 1982). The sedimentological characteristics of sediment- 
gravity flows are discussed in detail in Section 3.3.5. 

The relative importance of different mass-movement processes in 

specific areas depends on a range of interdependent factors, including 

substrate lithology and structure, weathering history, slope angle, 
aspect, and local temperature and moisture conditions (eg. J. T. Gray 
1972). Rapp (1960) has shown that in the Kärkevagge area, northern 
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Sweden, rapid mass-movement processes are more important agents 
of denudation than slow processes such as gelifluction and creep. 
This generalisation may be true of steep alpine slopes in general 
(Lewkowicz 1988). 

Important changes in the availability of debris may occur during a 
glacial/deglacial cycle. The retreat of glacier ice exposes areas of 
potentially unstable bedrock or glacigenic sediments which provide a 
supply of readily transported material. Ryder (1971a, b) and Church 

and Ryder (1972) have proposed the term 'paraglacial' to refer to the 

suite of non-glacial geomorphic processes that occur during 
deglaciation as the landscape rapidly adjusts to subaerial conditions. 
The paraglacial model has been widely accepted (Eyles 1983c), and 
many authors have inferred rapid sediment transfer immediately 
following the deglaciation of mountain areas (eg. Roed and Wasylyk 
1973; Gardner 1982; Brazier et al. 1988). However, few quantitative 
data concerning the rates and duration of sediment transfer have 
been obtained to date. 

The boundary between glacier ice and superjacent slopes represents 
an important geomorphological threshold between subaerial and 
subglacial processes of erosion and deposition. Upon glacier retreat 
this threshold may be preserved as a landscape feature for some time. 
The term trimline has been employed (Flint 1971) to refer to this 
threshold, whether marked by changes in vegetation or the upper 
limit of glacial erosional or depositional features. Trimlines have 
been widely recognised in mountain environments and have been 

used to define the apparent upper limits of glaciers and icefields (eg. 
Porter 1975; Chinn 1983; Thorp 1981,1984; Porter and Orombelli 1982; 
Ballantyne 1989a). 

Subglacial Debris Supply 
Subglacial erosive processes are usually grouped under three 

headings (eg. Sugden and John 1976; Drewry 1986). 
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These are: 
(1) bedrock failure, 
(2) abrasion, and 
(3) water activity. 

To these three, a fourth may be added; the subglacial deformation of 
unlithified sediment. The processes and their effects upon debris 

characteristics will be examined in turn below. 

Bedrock Failure. 
This group of processes includes crushing and fracture induced by 

simple or cyclic loading of bedrock surfaces by over-riding ice and 
entrained particles. The passage of clasts over bedrock causes a 
localised and marked fluctuation in stress (Boulton et al. 1979; Hagen 

et al. 1983), which is considered to be sufficient to propagate 
discontinuities and lead to failure. Chattermarks and crescentic 
gouges are cited by Drewry (1986) as geomorphic evidence of such 
failure. Some workers (eg. Lewis 1956; Battey 1960) have proposed 
that major subhorizontal joints may be initiated during the 
relaxation of overburden confining stresses during deglaciation. 
Although this idea has been rejected on mechanical grounds by 
Twidale (1973) and Addison (1981), a body of qualitative data suggest 
the existence of the mechanism (cf. Sugden and John 1976). Addison 
(1981) has argued for the critical role of pre-existing discontinuities in 

subglacial bedrock failure. He pointed out that discontinuous rock 
mass failure can occur at stresses far less than those necessary for the 
failure of intact bedrock, and is more compatible with the likely range 
of stresses developed at the base of a glacier. The spacing and 
orientation of joints relative to ice movement exert a strong control 
over patterns of subglacial erosion, as shown by Gordon (1981) and 
Rastas and Seppala (1981). 

Most work on subglacial bedrock failure deals with the case of 
wet-based ice. However, failure can also occur below cold-based ice 
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(Boulton 1979). The failure of unconsolidated or poorly-cemented 
materials can occur on a large scale, giving rise to rafts ranging 
between 1m and 1 km in length (Ruszczynska-Szenajch 1987). 
Boulton (1972b) considered that a major factor in the large-scale 
failure of weak substrate materials was the presence of a freezing 
front below cold-based ice, particularly where this coincides with a 
plane of structural weakness. Several authors have developed similar 
models of large-scale quarrying below cold-based ice (eg. Clayton and 
Moran 1974; Banham 1975; Moran et al. 1980; Bluemle and Clayton 
1984; Owen 1988). Recently, it has been suggested that major planes of 
decollement may be initiated in the absence of permafrost along 
lithologic boundaries and/or as the result of subglacial water pressure 
variations (Croot 1988a). 

Abrasion 
Abrasion (or wear) refers to progressive smoothing and striation of 

bedrock surfaces due to frictional forces generated at or close to the 
ice-substrate interface. Although limited abrasion is thought to occur 
below cold-based ice (Drewry 1986), it is primarily associated with 
sliding wet-based ice. Budd et al. (1979) have shown experimentally 
that wear can result from the sliding of clean ice over rock surfaces. 
However, abrasion is greatly enhanced by the presence of clasts 
embedded in the ice Mallet 1979a). It is agreed that abrasion rates are 
directly proportional to the degree to which the hardness of the 

abrading clast exceeds that of the substrate, the normal force acting 
between them, their relative velocity, and the concentration of debris 

at the glacier sole (Drewry 1986). It has been suggested (Sharp 1982a; 
1988b) that abrasion rates are high below surging glaciers due to 

velocity-related increased basal melting upglacier of obstructions and 
higher basal debris concentrations (cf. Clapperton 1975). 

The detailed physical processes responsible for abrasion are still 
incompletely understood. Mathematical models of abrasion (and its 

converse, subglacial deposition by lodgement) have been developed 
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by Boulton (1974,1975,1979) and Hallet (1979a, 1981), which differ in 

several important respects. However, these models are not of direct 

relevance to the present study and are not reviewed here. 

Water Activity. 
The presence of liquid water has an important influence on 

subglacial erosion. As noted in Section 3.3.2 ice melting is crucial to 
basal sliding mechanisms, thus influencing abrasion and bedrock 
failure. Additionally, water can have a direct erosive effect, which 
can be significant, particularly where the glacier substrate consists of 
unconsolidated sediments. In subglacial channels cut in bedrock, 

particularly where flow exhibits large-scale turbulence, water may 
cause abrasion, rock-mass failure, and cavitation pitting (Drewry 
1986). Additionally, chemical processes may operate in channels and 
in interchannel areas if a water film is present Mallet 1976). 
Although subglacially fluvially-eroded forms can be very impressive, 
the typically limited extent of large discrete channels relative to total 
glacierised areas limits the overall importance of fluvial erosion in 
areas of hard crystalline rocks, although its role as an agent of 
transport can be much greater (Hagen et al. 1983; Drewry 1986; Section 
3.3.4). The pressures exerted by subglacial water can greatly modify the 
geotechnical properties of substrate materials, with important 
implications for erosion and deformation (Boulton 1972b; 1987). 

Subglacial deformation 
Subglacial deformation of unlithified materials has recently been 

recognised as an important mechanism of debris mobilisation 
(Boulton et al. 1974; Boulton and Jones 1979; Boulton 1987; Alley et al 
1987; Brown et al 1987). The necessary conditions for the initiation of 
movement are still incompletely understood, due to the 
inaccessibility of the subglacial environment and the physical 
complexity of the system. Work to date has identified two principal 
factors that influence the behaviour of subglacial sediments: (1) the 

shear stresses imposed by over-riding ice, and (2) the strength of the 
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material (eg. Boulton 1975,1987). The strength of the material has 
been modelled according to a Coulomb-type failure criterion (Boulton 
1975; Boulton and Hindmarsh 1987): 

s=c+(p-pW)tan0 

(where s is the yield strength, c the cohesion, p the normal pressure 
due to the weight of the overlying ice, pw the pore-water pressure, 
and tan o the angle of internal friction). Cohesion is most significant 
for clay-rich materials, and may be negligible in sediments derived 
from crystalline rocks. The frictional strength of the material is 

primarily controlled by granulometry, water content, and their 
interaction with confining stresses. Coarse-grained, well-sorted 
sediments such as sands and gravels are more efficient conductors of 
water than fine-grained sediments or diamictons, and, other factors 
being equal, are less liable to suffer subglacial deformation. The 
dependence of material strength on effective pressures indicates that 
sediment deformation is most likely to occur in the marginal areas of 
glaciers, where overburden pressures are small and subglacial 
meltwater is likely to be freely available. 

Debris entrainment 
Debris may enter transport following entrainment by water or ice. 

Flowing water can entrain material as solutes, in suspension, or as 
bedload. In the case of channel flow, particles may be of boulder size 
(eg. Q strem 1975). The upper size limit of particles entrained in 

subglacial water films is determined by the maximum film thickness. 
The work of Hallet (1979b) suggests that this is typically <30g (5o). The 

evacuation of fine abrasion products in subglacial water films has 
been argued to be of great importance in maintaining abrasion rates 
(Drewry 1986). 

Debris may be entrained in ice by plastic flow or by freezing 

mechanisms. Ice deforming around clasts may exert sufficient drag 
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force to initiate transport. Weertman's (1957,1964) sliding theory 
predicts that this process should be most efficient for clasts around 100 

- 150 mm in size (cf. Humlum 1981,1985a). Basal freezing 

mechanisms operate in a number of ways. Small particles can be 
incorporated into regelation ice in the lee of obstructions (Kamb and 
LaChapelle 1964; Boulton 1974; Souchez and Lorrain 1987). Passage of 
ice over a succession of obstacles can result in multiple debris layers, 

provided that pressure melting in front of an obstruction is 
insufficient to destroy earlier-formed layers (ie. net freezing must 
occur; Boulton 1972b). Additional pressure-related freezing 

mechanisms have been proposed by Robin (1976) and Röthlisberger 
and Iken (1981). Because pressure variations are probably very large 
below surging glaciers, Sharp (1982a, 1988b) suggested that plucking 
will be enhanced during surges. 

The size range of subglacially-entrained material is very large, with 
a maximum length of over 1 km in the case of rafts (Ruszczynska- 
Szenajch 1987). Abrasion products were stated by Boulton (1978) to be 
predominantly <1 0, with crushed material dominating above this 
size. However, work by Haldorsen (1981) indicates that considerable 
overlap in the size of abraded and crushed particles may occur. 
Similarly, the initial shape and roundness characteristics of 
subglacially-eroded clasts may be variable, depending on the processes 
of erosion and the pattern of discontinuities in the parent material 
(eg. Humlum 1985a). 

The character of debris assemblages can be further modified during 
basal transport either at the interface between wet-based ice and a 
rigid bed or within deforming sediment masses (Boulton et al 1974; 
Boulton 1975; Sharp 1982b). Because the relevant processes are those 

of abrasion and crushing reviewed in this section, the typical 

characteristics of subglacially-transported debris will be considered 
here. 
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Progressive size reduction of particles by abrasion and crushing 
commonly results in bimodal or polymodal distributions with 
significant proportions of silt-sized material (Dreimanis and Vagners 
1971,1972; Boulton 1978; Haldorsen 1981; Fig. 3.2). The actual 
distributions depend in part upon the lithologic and mineralogic 
characteristics of the parent material (eg. Dreimanis and Vagners 
1972). 

Several studies have demonstrated the effects of subglacial processes 
on clast shape. As clasts become retarded against the bed the 
movement of the overlying ice may result in the production of 
miniature roche moutonnee forms. Such distinctive asymmetric 
'bullet-shaped' clasts with stoss and lee sides have been widely noted 
(eg. Boulton 1978; Krüger 1979,1984; Eyles et al. 1982; Sharp 1982b). A 
preponderance of roughly equidimensional clasts ('blocks' or 
'spheres') has been noted by Drake (1972), Boulton (1978), Humlum 
(1981), Ballantyne (1982), Vere (1986) and Dowdeswell et al. (1985). 
This may be the result of the joint distribution in the parent bedrock 
or the preferential fracture of elongate or slabby clasts across the long 
axis. Abrasion causes progressive edge rounding of clasts (eg. Drake 
1972; Lawson 1979b; Matthews and Petch 1982; Vere 1986) and a 
polished and striated surface texture. Drake (1972) inferred that a 
steady state may be achieved between rounding and crushing 
processes, with the result that clasts rarely evolve beyond 
sub-rounded forms before renewed crushing produces fresh angular 
edges. 

In recent years, attention has also focused on the microtextures of 
matrix material, particularly quartz grains. Results have, however, 
been inconsistent. Some authors have described distinctive 'glacial' 

microtextures presumed to be indicative of abrasion (eg. Krinsley and 
Doornkamp 1973; Eyles 1978b; Gomez and Small 1983). By contrast, 
other studies have concluded that microtextures produced by 

subglacial comminution are indistinguishable from those due to 
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certain subaerial mechanical weathering processes (eg. Sharp and 
Gomez 1986). Matrix microtextures therefore do not appear to be as 
reliable in distinguishing subglacially-abraded debris as the 
larger-scale and granulometric characteristics reviewed above. 

3.3.4 Glacial transport 

Following entrainment in or on ice masses debris usually 
undergoes a period of transport prior to deposition. Debris transport 
results from the flow of ice and, to a lesser extent, the flow of water 
and slope processes. Fluvial and slope processes are' dealt with in 
Section 3.3.5. 

Boulton (1978) identified two fundamental transport paths for 
debris in glacier ice, based upon distinctive process domains. First, 
active transport takes place in the basal tractive zone at the glacier 
sole. Subglacial frictional processes cause progressive modification of 
debris characteristics (Section 3.3.3). Second, passive transport may 
take place in the upper parts of basal debris layers (bed-parallel debris 
septa; Boulton and Eyles 1979) or in higher englacial or supraglacial 
positions. In the latter case, inter-particle stresses are low, and debris 
assemblages are transported without significant modification of their 
initial characteristics. 

Debris may pass between these two transport paths in a variety of 
ways. Passively-transported debris (which may have been derived 
from valley sides or nunataks) may enter active transport if the flow 

vectors of the surrounding ice intersect with the bed. This is most 
likely to occur where significant basal melting occurs Moulton 1978). 
Conversely, material may be elevated out of active transport into 
higher-level passive transport by: 

1) the addition of ice to the glacier sole by freezing; 
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2) the action of shear planes; 
3) the interaction of confluent flow units. 

The elevation of debris to high positions of transport is significant 
to hummocky moraine formation, because some models describe the 
deposition of debris from supraglacial positions (Chapter 2; Section 
3.5 below). Each of the three elevation mechanisms is reviewed in 
turn. 

Freezing of meltwater. 
As noted in Section 3.3.2, localised freezing by regelation can occur 

below temperate ice. However, in this setting, basal melting processes 
tend to destroy regelation layers, and bed-parallel debris septa below 
temperate glaciers are generally thin (<0.5 m) and close to the bed 
(Boulton 1972b; 1978; Humlum 1985a). For significant debris 
elevation to occur, net freezing on a large scale is necessary. This is 
most likely in sub-polar settings where freezing bed conditions occur 
downglacier from areas of net melting, so that a ready supply of water 
is available (Weertman 1961; Boulton 1972b). 

Shear Planes. 
Thrusting within glacier ice can occur in areas of compressive 

stresses, such as marginal areas where cold-based or stagnant ice lies 

adjacent to more active ice upglacier. Thrusting can be particularly 
important in surging glaciers (Clapperton 1975; Sharp 1982a; 1988b; 
Sharp et al. 1988), and in polar and sub-polar ice (Goldthwait 1951; 
Bishop 1957; Swinzow 1962; Souchez 1967,1968; Boulton 1970a; Evans 
1989a, b), although it can also occur in the marginal areas of 
non-surging temperate glaciers (Hewitt 1967; Whalley 1974; Boulton 
1977a). Most of the debris elevated by this mechanism probably 
travels within debris layers in the ice lying above' the thrust planes, 
rather than along the line of failure (Boulton 1970a; Sharp 1982a). 
Where such debris layers intersect the ice surface, they crop out as 
sub-horizontal bands. 
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Confluent Flow. 
As ice streams converge around bedrock obstructions or at valley 

confluences, flow lines can leave the bed (Boulton 1978). Where this 
happens, the bed-parallel debris septa of the converging flow units 
coalesce as a medial debris septum, which can be vertical or inclined 
depending on the relative strength of the flow units Moulton and 
Eyles 1979). Actively-transported debris may reach the ice surface via 
such septa in discrete, narrow, sharply-bounded longitudinal bands 
(Sharp 1948; Croot 1978; Gomez and Small 1985; Small 1987a; Vere 

and Benn 1989). 

The transport subsystem of valley glaciers is'distinctive due to the 
importance of medial and lateral moraines (Sharp 1948,1949; Boulton 

and Eyles 1979). A comprehensive classification of medial moraines 
was proposed by Eyles and Rogerson (1978b) based on the relationship 
between sediment supply and morphological development. First, 
Ablation Dominant (AD) moraines emerge at the surface as the result 
of the melt-out of englacial debris. Three debris sources were 
recognised for such moraines: supraglacially-entrained debris that 
had entered crevasses below the equilibrium line (AD1), 

supraglacially-entrained debris that had been buried by annual snow 
sedimentation above the equilibrium line (AD2), and debris that had 
been elevated in the lee of subglacial rock-knobs (AD3). Second, 
Ice-stream Interaction (ISI) moraines find immediate surface 
expression via the merging of supraglacial lateral moraines at glacier 

confluences. Finally, Avalanche Type (AT) moraines were identified, 

originating from persistent supraglacial debris sources (eg. gullies) 

above single flow units and emerging as longitudinal debris outcrops 
in the ablation zone (Rogerson et al. 1986). Recent work, however, 

has emphasised that in nature, particular medial moraines cannot 

necessarily be defined simply in terms of these categories, because 

such classification fails to communicate the complexities of glacial 

transport (Gomez and Small 1985; Small 1987a). In consequence, they 
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are best regarded as a set of basic transport routes which may, singly or 
in combination, contribute debris to individual medial moraines 
Were and Benn 1989). 

Debris that has been transported in englacial positions will be 

exposed on the ice surface by ablation, resulting in increased 

superficial debris concentrations towards the snout. Debris initially 

melts out as longitudinal or transverse bands, reflecting the internal 

structure of the englacial septa (Boulton 1967,1972a; Small and 
Gomez 1981; Vere and Benn 1989). 

3.3.5 Debris release, deposition, and deformation 

A good understanding of sedimentation in association with glaciers 
has not developed until recent years, principally due to the extreme 
complexity of glacial depositional environments and the resulting 
sedimentary sequences (Goldthwait 1971,1975; Boulton 1972a, 1976a, 
1980a; Dreimanis 1980,1982,1988; Goldthwait and Matsch 1988). 
Several perspectives and classification systems have been proposed 
(eg. Boulton and Paul 1976; Sugden and John 1976; Shaw 1977a; 

Lawson 1981a, b; Eyles and Miall 1984; Edwards 1986; Brodzikowsi and 
Van Loon 1987; Dreimanis 1988) and the choice of classification 

scheme depends largely on the purpose of the investigation (Francis 

1981). Because nomenclature, classification, and conceptual 

modelling are closely related, a discussion of these factors is necessary 
before a balanced review of glacigenic sedimentation can be made. 

Brodzikowsi and Van Loon (1987) have proposed a comprehensive 
hierarchical classification of glacigenic and periglacial sediments, in 

which environments, facies and deposits are arranged in tiered 
fashion, allowing the description of sediments with reference to the 

position and mechanism of deposition. The logical structure of the 

system begins at a broad scale - that of the whole environment - and 
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progressively narrows, focusing on subenvironments, 
environmental facies, and finally individual deposits (or lithofacies, 

sensu Reading 1986). The major advantage of this approach is that 
each deposit is clearly placed in its environmental context and 
identified by an unambiguous name and alpha-numeric code. 
However, where certain processes (eg. sediment-gravity flow) occur 
in more than one setting, essentially identical deposits are given 
several alternative names, depending on their site of deposition. 
While this is considered to be an advantage when dealing with 
present-day environments (Van Loon, pers. comm. ), the repetition 
involved is somewhat awkward. Furthermore, for sedimentologists 
attempting to apply the scheme to ancient deposits, correct 
classification depends on not only interpretation of genetic processes, 
but also reconstructions of the depositional facies and environment. 
The assumptions and interpretive procedures used by different 

workers thus potentially complicate what is intended as a standard 
and objective classification. 

Lawson (1979a, 1981b) and Eyles et al. (1983) have adopted an 
approach to sediment classification that has a logical structure which 
is essentially the opposite of that of the Brodzikowsi and Van Loon 

system. Their approach begins with processes and sediment 
characteristics, and then goes on to consider the ways in which they 

combine in different environments. Eyles et al. (1983) use the facies 

concept in a more restrictive sense than Brodzikowsi and Van Loon 
(1987), employing it as a purely descriptive term (lithofacies) to 
describe sediment bodies of closely circumscribed character (Fig. 3.3; cf. 
Reading 1986). These lithofacies should be interpreted solely in terms 

of depositional processes, since it is recognised that certain processes 

may be common to several environments. Depositional 

environments are characterised by assemblages of depositional 

processes, and thus, by extension, associations of lithofacies (Miall 

1977,1983; Reading 1986; Shaw 1987; Benn and Dawson 1987). At a 

wider scale, lithofacies associations combine in glacial landsystems or 
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basin models (Boulton and Paul 1976; Eyles 1983b; Eyles and Miall 
1984). When this approach is employed, terminology is applied in 

sequence, following interpretation at broadening scales. In practice, 
some workers have applied this approach uncritically, without due 

regard for its limitations (eg. N. Eyles et al. 1988). However, its 

conceptual structure is followed in the present study, as a simple and 
pragmatic system that can be easily modified in different field 

situations. Its hierarchical structure is consistent with the broader 

governing concepts of the sedimentary basin and the alpine sediment 
system. 

This view of sediment classification has implications for the use of 
the term 'till'. Historically, the application of the term 'till' has been 
difficult to standardise (eg. Boulton 1976a, 1980a, b; Boulton and Eyles 
1979; Lawson 1981a, b; Eyles et al. 1983; Dreimanis 1982; 1988). This is 

partly due to the fact that such a wide range of sedimentary processes 
and lithofacies occur in association with glaciers and ice sheets. 
Deposition can take place directly following the release of debris from 
the ice surface or sole, or additional transport by non-glacial agencies 
can intervene. Sediment reworking is very important in glacial 
environments (Lawson 1979a, 1982; 1988), and modifies debris 

characteristics to varying degrees. Because of this, it is not always 
possible to identify the point at which sediments lose their 'glacial' 

character and become the products of other process domains. 

The INQUA Commision on the Genesis and Lithology of 
Quaternary Deposits proposed a definition of 'till' as : 

'a sediment that has been transported and is 

subsequently deposited by or from glacier ice, with little 

or no sorting by water' (Dreimanis 1982). 

This definition includes primary tills, deposited directly upon 

release from the ice, and secondary tills, which undergo certain kinds 
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of subsequent subaerial or subaquatic transport. This definition is 

similar to that proposed by Boulton (eg. 1980a, b), which differentiates 

tills and non-tills on the basis of grain support mechanisms operative 
during reworking. Both definitions attempt to identify a critical 
cut-off point within the continuum of reworking processes at which 
material ceases to be 'till'. This approach is complicated by the fact 

that more than one grain support mechanism can operate within a 
single depositional event (eg. Varnes 1978; Lawson 1982; Broster and 
Hicock 1985). Additionally, and more importantly, these definitions 

give environmental significance ('... from glacier ice') to individual 
lithofacies, which are the results of processes that may be of wide 
occurrence. In nature, there may be little or no difference between 

the internal characteristics of sediments that have flowed from glacier 
ice and those that have undergone flow during (say) Holocene 

erosion of Late Devensian glacigenic deposits. When interpreting 

ancient sequences, it may be impossible to tell from the internal 

character of the sediments themselves whether glacier ice was or was 
not present during final deposition (eg. Gravenor et al. 1985). For this 

reason, definitions of till that include ice-contact reworking are 
incompatible with the process-based hierarchical descriptive system 
adopted by Lawson (eg. 1979a) and Eyles et al. (1983). For present 
purposes, the term 'till' is applied only to: 

'... sediment, deposited directly from glacier ice, which has not 

undergone subsequent disaggregation and resedimentation. ' 

(Lawson 1979a, p. 28). 

Reworked glacigenic sediments are not regarded as 'till' under this 
definition, and are classified by their agent of deposition. This limited 

definition of 'till' restricts its application to the 'primary tills' of 
Dreimanis (1982). Poorly-sorted sediments, regardless of genesis, are 
here termed diamictons after Flint et al. (1960a, b) and Harland et al. 
(1966). 
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Till Forming Processes 

Lodgement and Deformation 
Sediment lodgement below sliding ice strictly refers to the process 

whereby the frictional retardation of particles (and particle aggregates) 
against the glacier bed exceeds the drag force exerted on particles by 
the ice (Boulton 1975). In nature, sediment accretion below active ice 
is likely to involve several mechanisms including pressure melt-out, 
frictional retardation, ploughing, consolidation, dewatering and the 
progressive build up of a deformable bed (Boulton 1975,1982; Muller 
1983; Dowdeswell and Sharp 1986). The importance of subglacial 
sediment deformation has been emphasised in recent years, and the 
term 'deformation till' has become current (eg. Dreimanis 1982,1988; 
Boulton 1987). However, subglacial processes are still poorly 
understood, and the distinction between lodgement and deformation 
is unlikely to be clear-cut. In the present thesis, therefore, the 
established term 'lodgement till' will be retained, with the 
qualification that it subsumes sediments that accumulated by 
deformation and other subglacial processes. 

The sedimentological characteristics of lodgement till reflect 
subglacial transport and deposition. Bulk granulometry and debris 

characteristics are similar to those of material in active basal transport 
(Drewry 1986; Section 3.3.2), although depositional size sorting 
(Humlum 1981), continued abrasion by over-riding ice or within 
deforming sediments (Boulton et al. 1974; Sharp 1982b), and 

post-depositional changes (Boulton and Dent 1974; Boulton et al. 
1974; Dowdeswell and Sharp 1986) can all modify till properties. 
Particle size distributions are typically bi- or polymodal with high 

proportions of fine-grained abrasion products, and the material 

generally consists of a massive matrix-supported diamicton. 

Lodgement till is usually dense and overconsolidated, although on 
freshly deglaciated surfaces it often shows an unconsolidated upper 
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horizon that progressively collapses upon exposure (Boulton and 
Dent 1974; Boulton and Paul 1976; Dowdeswell and Sharp 1986). ýThe 
high voids ratio of the material in the upper horizon (or A-horizon; 
Boulton 1987; Boulton and Hindmarsh 1987) apparently results from 

sediment dilation during subglacial deformation (Smalley and 
Unwin 1968; Boulton and Dent 1974; Boulton 1987). Where such 
dilatant material overlies well-consolidated till, the relationship 
between the two units may be unclear. For example, it is possible that 
(a) the upper horizon represents previously-deposited till that has 

undergone remobilisation, or (b) the lower horizon represents the 
retardation and collapse of sediment previously subject to 
deformation. 

Lodgement till is normally well jointed, due to shearing and 
unloading (Boulton and Paul 1976), and intersecting joint sets can 
give till units a pronounced platy or fissile structure (Boulton 1970a; 
Eyles and Menzies 1983). Inhomogeneities may be present in the form 

of accretionary boulder clusters (Boulton and Paul 1976), small-scale 
inclusions (Krüger 1979) and sub-horizontal silt stringers (Rose 1974; 
Eyles and Menzies 1983). The long axes of clasts tend to be 

preferentially oriented approximately parallel to former ice flow 
(Andrews 1971b; Derbyshire 1980; Sharp 1982b; Dowdeswell et al. 1985; 

Dowdeswell and Sharp 1986). Individual clasts can develop a 
distinctive striated stoss and lee form, the orientation of which can 

provide a clear indicator of ice flow direction (Boulton 1978; Krüger 

1979; Eyles et al. 1982; Sharp 1982b). The accretion of lodgement tills 

can be rapid Nickelson 1973) and is probably episodic, with erosion 

surfaces and subglacial channel forms reflecting changing conditions 

at the bed (Eyles et al. 1982). Vertical compositional and structural 

changes can result from variations in ice flow or the progressive 
burial of sediment sources (eg. Broster and Dreimanis 1981; Eyles et al. 
1982; Broster 1986). 
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Melt-Out. 
Debris can be released from inactive glacial ice by melting, either in 

supraglacial positions or below the ice surface. Melting can proceed: 
(a) from ice contacts with the atmosphere, (b) via fluvial 

thermoerosion, or (c) basally as the result of the geothermal heat flux 
(Shaw 1977a). With continued melt, sediment can accumulate as a 
surface lag deposit or as a basal layer. If no subsequent reworking 
occurs, the final products are supraglacial and subglacial melt-out 
tills, respectively (Boulton 1970a, 1972a). No distinction is made here 
between melt-out tills and 'sublimation tills' (cf. -Eyles et al. 1986). 

The most favourable conditions for the preservation of melt-out 
tills occur where meltwater can be readily evacuated, because high 

pore-water pressures can lead to flow or other deformation (Boulton 
1971a; Paul and Eyles 1990). These conditions can be met regardless of 
thermal regime, although accumulation of melt-out till is likely to be 

very slow in and polar environments (Shaw 1977a, b). Paul and Eyles 
(1990) have argued that the preservation potential of melt-out tills is 

very low and that melt-out is unlikely to result in laterally-extensive 
diamicton units. 

No feature has been recognised that is uniquely diagnostic of 

melt-out tills, and their identification depends upon a range of 
characteristics which, individually, may be present in diamictons of 
different origins (Haldorsen and Shaw 1982). By definition, melt-out 
tills retain to a large extent the granulometric and structural 

properties of glacially-entrained debris. Lawson (1979a, 1981a, b) has 

shown that the structural characteristics of basal melt-out till below 

Matanuska Glacier, Alaska are closely similar to those of the parent 
debris-charged ice. Pebble azimuths in the till remain those imparted 

by longitudinal internal shear in the ice, and accordingly fabric 

orientations show a regional correspondence with former flow-line 

patterns (Lawson 1979a; cf. also Boulton 1971a; Shaw 1979; Haldorsen 
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and Shaw 1982; Möller 1987). Dowdeswell et al. (1985) and 
Dowdeswell and Sharp (1986) showed that clast fabrics are stronger 
than those exhibited by lodgement tills, but the opposite conclusion 
was reached by Derbyshire (1980). Bands of texturally, 
compositionally, or colour-contrasted sediment may be present 
(Lawson 1979a; 1981a, b). 'Attenuated' sheared-out facies of melt- out 
tills, presumably reflecting ice structure, have been reported by Shaw 
(1971,1977a, b). However, Muller (1983) has attributed such till facies 
to lodgement and subglacial meltwater action, and Boulton (1987) has 

warned that sediments of similar appearance can result from 

subglacial deformation. 

Intermittent water activity during melt-out till deposition can result 
in distinctive interbeds. Laminae of silt or sand can impart a stratified 
appearance to the till, and can be draped over clasts as a result of 
progressive melt of interstitial ice (Shaw 1979). Larger inclusions of 
water-sorted sediments reflect the distribution of former subglacial or 
englacial channels (Haldorsen and Shaw 1982; Möller 1987). Where 
deposition in channels occurs adjacent to boulders projecting from 
debris-rich ice, disturbances to fluid flow can result in characteristic 
scour structures (Shaw 1982,1983; Möller 1987). Scours in 

water-sorted sediments occurring below boulders in diamicton units 
provide convincing evidence of in situ melt-out, a fact that 

emphasises that melt-out tills are best identified by a complex of 
factors, including depositional setting. 

Reworking Processes 

The character of debris released from glacier ice may be modified by 

resedimentation and deformation. Resedimentation processes form a 

continuum, although they can be conveniently divided into: (1) 

sediment-gravity movements, and (2) fluidal flows, ie. the action of 
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water and wind (Middleton and Hampton 1973). 

Sediment-Gravity Movement. 
Several factors can induce the gravitational mobilisation of debris 

on or adjacent to glacier ice. Debris can melt out of ice that has a 
surface gradient sufficient to cause immediate downslope movement. 
Alternatively, gravity reworking can affect tills (sensu stricto) or 
previously reworked debris (Eyles 1978a, 1979). A variety of slope 
processes form the basis of the classification of 'mass-movement tills' 
by Dreimanis (1982). The most widely-recognised sediment of this 
type is 'flow till' (Hartshorn 1958; Boulton 1968,1972a; Marcussen 
1973; Evenson et al. 1977). However, for the reasons given above, 
'flow till' and similar terms will not be used here. Instead, 

nomenclature of mass-movement deposits will follow systems 
developed by sedimentologists to emphasise the links between 
transport mechanisms and sedimentary characteristics (eg. Middleton 

and Hampton 1973; Lowe 1979; Pierson and Costa 1987). Mass 

movement processes may be broadly divided into falls, topples, slides, 
and flows (Varnes 1978; Crozier 1986), all of which can be recognised 
in association with glaciers. Translational slides can result in the 
transport of large sediment masses, with a varying degree of 
consequent disaggregation and survival of original sedimentary 

structures (Eyles 1978a; Paul 1983). By contrast, individual particles 

and aggregates can fall, topple, slide or roll down steep slopes, leading 

to the accumulation of structureless colluvium (Lawson 1979a; 

Dowdeswell and Sharp 1986). 

Probably the most important gravitational mechanism for 

reworking glacially-transported-debris is flow (Sugden and John 1976; 

Lawson 1979a, 1982). Sediment gravity flows can be classified 

according to the dominant grain-support mechanisms operative 
during transport, which may be subaerial or subaquatic (Middleton 

and Hampton 1973; Carter 1975; Shultz 1984). This type of 
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classification is particularly useful for sedimentological purposes, 
because grain-support mechanisms are clearly related to 

environmental factors, such as flow saturation, on one hand, and to 

sedimentary structures on the other. Middleton and Hampton (1973) 

and Lowe (1979) have identified four basic support mechanisms: (1) 

matrix strength, (2) grain dispersive pressure, (3) relative upward 
movement of pore fluid (liquefied or fluidised flow), and (4) fluid 

turbulence. Johnson (1970), Lawson (1979a, 1982) and Shultz (1984) 
have examined the sedimentologic properties of subaerial sediment 
gravity flows in terms of these mechanisms. 

A continuum of flow types has been recognised in which flow 
dimensions, three-dimensional form, velocities, textures, and 
internal structures vary systematically with changes in the water 
content of the material (Lawson 1981b, 1982; cf. also Boulton 1968, 
1971a). Lawson's (1979a, 1981a, b, 1982) work on Matanuska Glacier, 
Alaska, led him to differentiate four reference types. Type I flows 
have low water content (8-14 % by weight) and consist of a stiff 
homogeneous plug that is carried passively on a thin basal shear zone 
(cf. Johnson 1970; Shultz 1984). The resulting deposits are generally 
structureless, reflecting the lack of internal deformation.. With 
increasing water content (15-20%), the plug zone is progressively lost 

as the plastic yield strength of the flow diminishes, and the basal 

shear zone increases in thickness (Type II). Grain support in the shear 

zone may be by liquefaction/fluidisation, grain interaction, or 
transient turbulence, and consequently such flows may show normal 

grading at the base. At high clast concentrations, inertial grain 
interaction may produce inverse grading (Shultz 1984). At water 

contents of 18-25% (Type III), no plug zone occurs, and the shear zone 

extends the full thickness of the flow. Finally, Type IV flows have 

water contents in excess of 25% and are thin, rapidly-moving slurries. 
Grain support is principally by grain interaction and pore fluid 

movement, resulting in a fine-grained normally-graded deposit. 
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Basal traction gravels may be present in flow types II, III and IV. 

Where sediment flows deform internally (Types II-IV), pebble 
fabrics can develop in response to compressive or extensional strain, 
and may therefore be transverse or longitudinal, depending on 
position in the flow (Boulton 1971a; Jahn 1976). Fabrics tend to be 

weaker than in lodgement or melt-out tills (Dowdeswell et al. 1985; 
Dowdeswell and Sharp 1986) and no systematic relationship between 

clast fabric and former ice flow direction should be expected Moulton 
1971a; Lawson 1982; Möller 1987). The granulometry of subaerial 
sediment flow deposits varies with water content and the nature of 
the source material, which may have been previously sorted by other 
processes. Water activity can deposit fine-grained sediment on the 
surface of all flow types. 

Fluidal Flows. 
Considerable quantities of glacially-transported silts and sands may 

enter aeolian transport (Edwards 1986). However, aeolian sediments 
are generally not well represented in ice-contact environments, and 
are not reviewed here. By contrast, flowing water is a very important 

agent of sediment deposition in glacial environments. The processes 
of fluvial sedimentation in association with glacier ice do not differ 

qualitatively from those operative in non-glacial environments 
(Drewry 1986). 

Streams in glacial environments occur on several scales and are 

generally subject to large diurnal or seasonal fluctuations in water 
discharge and sediment load (Church and Gilbert 1975; Röthlisberger 

and Lang 1987) giving rise to a wide range of lithofacies and structures 
(Miall 1977). 

Hydraulic conditions leave imprints on sediment bodies in two 



56 

main ways: i) granulometry (eg. modal grain size and sorting), and ii) 
depositional and erosional structures. Grain-size characteristics of 
deposits depend on sediment availability and flow competence. 
Glaciofluvial sediments are usually well sorted and modal grain sizes 
can cover an extremely large range, from fine silts to boulders. 
Boulders with intermediate axes up to 5m across have been reported 
from jokulhlaup deposits by Elfström (1987). 

Primary sedimentary structures in fluvial deposits reflect the shape 
and migration pattern of bedforms, such as ripples, channels and bars. 
The size and morphology of fluvial bedforms reflect boundary 

conditions in the sediment and transporting fluid, particularly flow 

strength (velocity or shear stress), depth, and sediment size. Bedforms 
(and resulting sedimentary structures) can therefore be classified 
according to their morphology and hydrodynamic significance 
(Harms et al. 1975; Allen 1985). 

Good reviews of the characteristics glaciofluvial sediments have 
been given by Church and Gilbert (1975), Rust (1975), Eyles and Miall 
(1984); and Edwards (1986). In the present thesis, water-sorted 
sediments are classified according to the scheme developed by Miall 
(1977) and Eyles et al. (1983), based on grain-size and internal bedding 

structures (Fig. 3.3). 

Deformation Structures. 
Post- and syn-depositional deformation has already been mentioned 

in the preceding discussion-with reference to subglacial entrainment, 
transport and deposition, and gravity reworking. Further brief 

discussion is necessary to emphasise the importance of sediment 
deformation in ice-contact environments. This is, particularly 

relevant to the problem of the genesis of 'hummocky moraine'. 

The action of glacier ice results in a wide range of deformational 
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structures, including faults and folds of several kinds. In general, 
deformation can be subdivided into that resulting from compression. 

and that resulting from tension, although more complex situations 

may occur. Compressive stresses may be generated by active ice 

during over-riding or 'pushing', and may induce low-angle reverse 
faults and overfolds (eg. Banham 1975; Boulton 1987; Croot 1988b). 

Tensional stresses are commonly associated with the melt of adjacent 

supporting ice or the oversteepening of ice-proximal slopes, and find 

expression in normal faults, high-angle reverse faults and a variety of 
fold types (McDonald and Shilts 1975). The sediment pile can collapse 

completely, largely destroying original sedimentary structures (Paul 

1983). In addition, soft-sediment deformation can affect sediments as 
the result of internal instability, particularly where rapid 

sedimentation results in reversed density gradients and/or high pore 
fluid pressures (Paul and Eyles 1990). Because of their association with 
glacier-induced stresses and other conditions, structural 

characteristics can be used as diagnostic criteria in 

palaeoenvironmental reconstructions (Boulton 1977b; Brodzikowsi 

and Van Loon 1985; Broster and Clague 1987). 

Deposition and Deformation: Concluding Remarks. 

The lithofacies and deformational structures reviewed above may 

occur in a variety of combinations reflecting the distribution of 

sedimentary processes in different glacial environments (Eyles et al. 
1983; Brodzikowski and Van Loon 1987). Till-forming and reworking 

processes may be common to several environments, giving rise to a 

wide distribution of certain lithofacies. Recurrent associations of 
lithofacies and structures may be recognised at different scales, and 
form the basis of landsystem and facies models (Eyles 1983b; Walker 

1984; Reading 1986). Eyles (1983a) stressed the usefulness of a 
hierarchical classification, consisting of (1) land elements (eg. single 
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hummocks), (2) land facets (eg. areas of 'hummocky moraine'), and 
(3) land systems (eg. areas of 'hummocky moraine' in spatial 
association with other depositional and erosional landforms). Within 
this hierarchy, additional levels of superposed sedimentary structures 
and landforms can be recognised (eg. Rose and Letzer 1977; Miall 1985; 
Brodzikowski and Van Loon 1987; Rose 1987). This approach to 

sediment and landform classification follows that employed 
successfully in other fields of terrain classification (eg. Mitchell 1973). 
Families of glacial sediment/ landsystem models have been proposed 
by Fookes et al. (1975), Boulton and Paul (1976) and others, and have 

proved to be powerful tools for the analysis of ancient sequences (eg: 
Eyles and Slatt 1977; Boulton 1977b). However, care must be exercised 
to ensure that the model is applicable to the area in question (Shaw 

1980). 

The remainder of this chapter will concentrate on models that 
have been proposed to account for the genesis of 'hummocky 

moraine', with particular reference to glaciated valleys. Although the 
formation of moraines may be regarded as occurring within the 
depositional and deformational subsystem, it will be emphasised that 
important characteristics of different types of moraines are 
determined by the upglacier subsystems of debris entrainment and 
transport, and the wider climatic, glaciologic, topographic, and 

geologic controls on such systems. 

3.4 'Hummocky moraine' formation 1: glaciated valleys 

3.4.1 'Hummocky moraine' and supraglacial debris supply 

Section 3.3 showed that the debris entrainment and transport 

subsystems of glaciated valleys are distinctive due to the presence of 

extraglacial debris sources and strong topographic control of glacier 
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movement. In this setting debris can directly enter high level 

transport (3.3.3). The concentration of this debris into longitudinal or 
bed-parallel debris septa can give rise to extensive debris cover in 

parts of the ablation areas of some valley glaciers. The association 
between supraglacial debris load and the development of hummocky 
ice stagnation topography has been noted by Eyles (1978a, 1979), Birnie 
(1978), Boulton and Eyles (1979) and Gordon and Birnie (1986). 

Eyles (1978a, 1979) observed that ice disintegration topography 

occurred in the marginal areas of Alpine and Icelandic valley glaciers 

wherever the supply of extraglacially-derived debris ('supraglacial 

morainic till') was sufficiently great. Where debris supply is high, 

sufficient sediment may' accumulate on the surface to inhibit ablation 

of the underlying ice, with the result that debris bands and medial 

moraines may develop into raised topographic features (f street 1959; 

Loomis 1970; Boulton 1972a; Small and Clark 1974; Small et al. 1979). 

As a result, flanking slopes may be steepened to the extent that debris 

is mobilised by slope processes, and considerable spreading over the 
ice can result (Boulton 1967; Small and Clark 1974). Eyles and 
Rogerson (1978b, p. 104) reported that on Austerdalsbreen, Norway, 

medial moraine width increases in this way '... from 40m in the 

vicinity of maximum relief to over 200m in the terminal zone', 

while Small (1987a) recorded moraine widening from 38m to -101m 
on the Glacier de Tsidjiore Nouve, Switzerland. Of glaciers in 

Labrador, Rogerson et al. (1986, p. 350) noted: 

'In the ablation zone, debris from "avalanche-type" 

moraines spreads and mixes with that from other types of 

medial moraines to form an almost continuous cover 

over the termini of many glaciers. ' 

Several episodes of sediment movement can occur, as the loci of 

topographic depressions change during ablation, before final 
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deposition. If the debris cover stabilises while substantial ice cores 
remain, top melt of buried ice can be inhibited and wastage proceeds 
most rapidly by retrogressive slope failure or 'backwasting' (Johnson 
1971; Croot 1978; Eyles 1978a, 1979; Watson 1980; Lewkowicz 1987). 

Debris may be deposited directly by melt-out or be reworked in a 
large number of ways, including sliding, rotational failure, falling, 
flowing, and by water-related processes, producing a wide spectrum of 
lithofacies. Standing water bodies may form supraglacially, and act as 
loci for the deposition of glaciolacustrine sediments including 

subaquatic flow deposits (eg. sediment-gravity flows and 'turbidites'), 

and dropstones (eg. Boulton 1972a; Brodzikowski and Van Loon 
1987). Deposition in contact with ablating ice accounts for the 
tensional deformation and faulting that is frequently reported from 

exposures in 'hummocky moraine' (eg. Boulton 1972a; Paul 1983). 

Eyles' work has been synthesised as the glaciated valley landsystem 

model (Fig. 3.4; Boulton and Eyles 1979; Eyles 1983b). The model states 
that the presence of 'hummocky moraine' in glaciated valleys is the 

result of geological and climatic factors. According to the model, 
where the marginal cover of supraglacial debris is thin (=low 

extraglacial debris input), glaciers in retreat leave only sporadic 
deposits (cf. also Gordon and Birnie 1986). Advancing or stationary ice 

margins are associated in the model with transverse linear 

topographic forms such as dump, push and squeeze end moraines (cf. 

Price 1970; Birnie 1977,1978; Sharp 1984). Hummocky moraine 
development from thick supraglacial debris cover was stated to occur: 

'... either at the margin of an active valley glacier that is 

retreating upvalley by sequential stagnation of the margin, or 

at a glacier margin downwasting in situ over the whole 

glacier tongue area. Surging glaciers in their quiescent phase 

are good examples of the latter' (Boulton and Eyles 1979, p. 
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16). 

Because of the postulated strong relationship between hummocky 

moraines and supraglacial debris supply, the model predicts the 

preferential development of hummocky moraine along former 

supraglacial debris pathways, ie. in association with lateral and 
medial moraines. Eyles (1983c, p. 100) stated: 

'Hummocky topography composed of coarse grained 
supraglacial diamict is frequently present as one or more 
"controlled" medial moraines along the valley floor, 

producing a longitudinally lineated surface. In large basins of 
complex geology, each medial moraine may be composed of 
distinct bedrock lithologies reflecting the origins of the 

moraines in different parts of the accumulation basin. ' 

In addition, the glaciated valley landsystem model may be used to 

predict the preferential occurrence of hummocky drift in association 

with basins or parts of basins where, due to geologic, climatic and/or 
topographic factors, extraglacial debris supply is particularly great (eg. 

Gordon and Birnie 1986). 

3.4.2 Surging Glaciers 

The development of hummocky ice stagnation topography in 

association with surging glaciers has been described by numerous 

authors (eg. Croot 1978; Driscoll 1980a, b; Sharp 1982a, 1985a, b). The 

high debris load of surging glaciers in Svalbard and Iceland was noted 
by Clapperton (1975), who attributed it to the enhanced operation of 

two mechanisms during a surge: 

(1) basal freezing, due to increased meltwater availability and 
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large pressure differentials around basal obstructions induced by 
high velocities, and 
(2) marginal thrusting, due to intense compressive stresses. 

Thus, he argued, surging behaviour of glaciers is particularly 
conducive to the entrainment and elevation of basal material, and 
the consequent development of thick supraglacial debris cover. He 

argued that these mechanisms operate in both temperate and 
sub-polar surging glaciers. 

The first detailed investigation of the association between surging 
glaciers and their sediments and landforms was by Croot (1978). In 

studies of the snouts of Battyebreen, a sub-polar surging glacier in 

Svalbard, and Eyjabakkajökull, a temperate surging glacier in Iceland, 
he demonstrated that substantial amounts of elevated basal debris 

occur in supraglacial positions on both glaciers. In their respective 
proglacial areas Croot mapped areas of 'hummocky moraine' 
associated with glaciotectonic push ridges. The 'hummocky moraine' 
was regarded as having been deposited during the quiescent stage 
following a surge by repeated reworking of supraglacial debris during 

ice stagnation. 

The work of Croot at Eyjabakkajokull was continued by Sharp 

(1982a, 1985a, b) in conjunction with a comparative study of 
Skalafellsjökull, a non-surging Icelandic glacier (Sharp `1982a, 1984). 

Detailed studies of debris characteristics and glacier structure 
demonstrated that areas of 'hummocky moraine' at Eyjabakkajakull 

consist of interstratified gravel and diamicton, derived from 

'... marginal zones containing stacked englacial debris bands which 
developed during previous surges' (1985a, p. 280). He considered that 

the principal mechanism resposible for debris elevation was the 

raising of basal debris layers by shearing, with enhanced regelation 

being of minor importance. 
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Sharp also commented on the close association of the 'hummocky 

moraine' with the outcrop of a major medial moraine, and suggested 
that '... this is important in initially reducing ablation rates to levels at 

which debris can accumulate without immediately being reworked' 
(1985a, p. 280). This suggests that 'hummocky moraine' development 

at the margin of temperate Eyjabakkajokull depends (at least in part) 
on debris elevation processes characteristic of confluent valley 
glaciers, rather than surging behaviour (see Section 3.4.1 above). 

As was emphasised by Sharp (1985a, 1988b), the development of 
'hummocky moraine' cannot be regarded as unique to surging 
glaciers. He stressed that the distinctive combination of processes 
typical of surging glaciers is reflected in a characteristic total 

assemblage of landforms. This assemblage, which had been 

previously outlined by Clapperton (1975) and Croot (1978), comprises 
four basic elements (in proximal to distal sequence): 

(1) subglacially fluted till; 
(2) a rectilinear system of sinuous, occasionally bifurcating, 
discontinuous low ridges of subglacial sediment; 
(3) chaotic, hummocky terrain formed from the complex multiple 

redeposition of elevated basal material; and 
(4) a series of discontinuous glacitectonically thrust ridges of 

proglacial sediment, oriented parallel to the former ice front. 

The rectilinear ridges (1) were regarded by Sharp (1985b) as being 

particularly diagnostic of surging behaviour, and were interpreted as 

material injected into basal crevasses during recoupling of the glacier 

and its bed following a surge. 

Although this landsystem model was based on the detailed study of 

only two glaciers, Sharp (1982a, 1985a) tested its applicability with 
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reference to data gathered from 19 outlet glaciers of Vatnajokull, 
Iceland, six of which were known to have surged. The results 
corroborated the findings from Eyjabakkajokull and Skalafellsjokull. 
Additionally, the general features of the model are compatible with 
later research by Solheim and Pfirman (1985) and Croot (1988c). 

Croot (1988c) found that large imbricate push-moraine complexes 
('composite ridges') in Svalbard are exclusively developed in front of 
glaciers with a history of surging behaviour. He suggested that if his 

results were confirmed by further studies, ancient large push ridge 
complexes may prove to be key indicators of palaeosurges. However, 
Boulton (1986b) concluded that large push moraines form in response 
to large-scale glacier advances, which may be due to either surge 
behaviour or increases in glacier mass-balance. Boulton considered 
that the formation of large push ridges is also dependent upon the 

presence in front of the ice of a sediment scarp which permits 
effective transmission of glacial stresses into the subsurface. Humlum 
(1985b) and Krüger (1985) observed the formation' of a 3-5m high 

glacially-thrust ridge at the advancing margin of the non-surging 
Höfdabrekkujökull, Iceland. The core of the ridge consisted of a series 

of imbricate sheets, which were overlain by sediment-gravity flow 

deposits (Fig. 3.5a). The ridge structure has close similarities with that 
described by Croot (1988b) from a moraine that formed during the 

1890 surge of Eyjabakkajökull (Fig. 3.5b), and appears to disprove the 
hypothesis that such ridges form only in front of surging glaciers. 

In conclusion, the identification of palaeosurges is probably best 

based on multiple criteria, rather than individual landforms (Sharp 

1985a). 
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3.5 'Hummocky moraine' formation 2: other models 

3.5.1 The sub-polar ice disintegration model 

Boulton (1967,1968,1970a, b, 1971a, 1972a) presented a series of 
extremely influential papers that described moraine development at 
the margins of sub-polar glaciers in Svalbard. He showed how 
hummocky topography comprising multiple sequences of diamictons 
(melt-out till and 'flow till'), silts, sands and gravels could result from 

the elevation of basal debris and its subsequent redistribution by 

ice-contact slope processes and meltwater (Fig. 3.6). 

Two mechanisms were described that serve to elevate basal debris to 
high englacial positions in sub-polar ice caps and' glaciers; (1) the 

movement of submarginal shear planes; and (2) the net freezing of 
meltwater at the junction between wet-based and cold-based areas of 
the glacier beds. Boulton (1970a) proposed the generalisation that 

substantial high-level englacial transport of subglacially-comminuted 
material is characteristic of sub-polar glaciers and ice sheets, because 

the conditions for significant net basal freezing are not met below 

wholly wet-based or polar ice masses. 

This generalisation was challenged by Andrews (1971a, 1972b) on 
the basis of observations of relatively debris-free sub-polar glaciers on 
Baffin Island. However, Boulton (1971b, 1972c) maintained his views 

and went on to provide a generalised model for debris entrainment 

and deposition applicable to 'sub-polar conditions (1972a, b). He 

argued that where areas of thick 'hummocky moraine' were 
deposited by former ice sheets, and where entrainment from valley 

sides can be discounted, then a sub-polar basal thermal regime could 

be inferred. A similar interpretation was put forward by Clayton and 

Moran (1974) in a detailed process-form model of glacigenic 

sedimentation on the Great Plains of America. They associated the 
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distribution of 'hummocky moraine' with the extent of subglacial 
quarrying and thrusting over a frozen substrate in the cold-based 
marginal areas of the Late Wisconsin ice sheet. 

The model describing the products of sedimentation at the margins 
of sub-polar ice sheets was termed the supraglacial sediment 
association and landsystem by Boulton and Paul (1976) (Fig. 3.6). This 

model has been applied to ancient glacial sediments by a number of 
authors (eg. Derbyshire 1975; Boulton 1977b; Eyles and Slatt 1977; 
Möller 1987). However, the dangers of uncritical reconstruction of 
palaeoclimatic conditions have been pointed out by Björck and 
Möller (1987) who stressed the need for independent evidence. 
Furthermore, the issue is complicated by the possible effects of glacier 
surges (Section 3.4.2; Clapperton 1975; Wright 1980; Moran et al. 1980; 
Clayton et al. 1985). 

The areal pattern of landforms that results from ice stagnation has 
been studied by numerous workers. Several important ideas were 
introduced in a seminal paper by Gravenor and Kupsch (1959). 
Perhaps the most significant of these was the concept of controlled 
and uncontrolled ice disintegration. Controlled disintegration was 
said to occur when a melting ice mass separates into discrete units 
defined by structural discontinuities such as open crevasses. Release 

of glacially-transported debris was argued to lead to the deposition of 
'till' and water-sorted sediments into the topographic lows between 

ice blocks, with inversion of relief following upon ice disappearance. 

The final disposition of landforms was thus interpreted as the 

reflection of the structure of the parent ice (Fig. 3.6). The term 

'uncontrolled disintegration' was applied to situations where the 

sedimentation pattern on and adjacent to stagnating ice was not 

systematically influenced by glacier structures. The resultant 
landforms should therefore comprise a genuinely chaotic assemblage 

of mounds and unaligned discontinuous linear features. Controlled 
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and uncontrolled forms were 'regarded by Gravenor and Kupsch as 
end members of a continuum of drift features formed in association 
with stagnant ice. 'Hummocky moraine' was not, therefore, rigidly 
attributed to uncontrolled ice disintegration and it was recognised 
that '... some hummocky moraines show alignments of knobs or 
ridges in two directions, which is indicative of ice-fracture control' (p. 
53). 

This terminology has been accepted by many subsequent workers. 
Kurimo (1977,1978,1979a, b, 1980) presented detailed studies of 
controlled and uncontrolled ice disintegration forms in central 
Finland, allowing reconstruction of the interactive flow behaviour of 
marginal lobes of the retreating Weichselian ice sheet. His 

classification of landform facets into transverse, radial (longitudinal) 

and non-oriented forms arranged into transverse or radial chains is 

particularly useful (cf. also Prest 1968; Sugden and John 1976). 

The disintegration of glacial ice along discontinuities has been 

compared by several authors to the evolution of karst landscapes (eg. 

Clayton 1964; Healy 1975; Wright 1980). Melting has been seen as 

analogous to solutional processes that result in the preferential 

enlargement of weaknesses. On glacier ice, preferential melting also 

occurs in areas where debris cover is thin or absent (Q strem 1959; 

Loomis 1970). True 'glacial karst' development requires the presence 

of an insulating mantle of debris that can itself be regarded as an 

analogue of non-soluble residual lag deposits on limestone (Clayton 

1964). 

The sub-polar model and the models discussed in Section 3.4 

invoke the reworking of debris in association with stagnating and 
disintegrating ice. A range of controls on ice stagnation have been 

proposed, and the style of stagnation may be summarised under two 

headings: 
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(1) incremental (or sequential) stagnation, and 
(2) areal stagnation. 
These contrasting modes of ice stagnation have already been 

mentioned in a Scottish context in Chapter 2. 

During incremental stagnation, only a relatively narrow marginal 
zone becomes stagnant and is dynamically isolated from active ice 

upglacier. Such stagnation and isolation are thought to be induced by 

the insulating effect of supraglacial debris, either subglacial in origin 
or from extraglacial sources (Clayton 1964; Eyles 1979). The debris 

cover inhibits marginal ablation (Ostrem 1959; Loomis 1970), 

effectively separating the marginal area from the more rapidly 
ablating ice further upglacier. 

Areal stagnation refers to the situation where much larger masses 
of ice become dynamically inactive and melt in situ without further 

significant movement. This process has been explained in different 

ways. First, it has been argued that distal parts of ice masses may 
become glaciologically isolated from source areas due to the 
increasing influence of subglacial topography during overall retreat, 
as rock bars, valley constrictions, and upland masses begin to act as 
dams to the throughput of ice (eg. Flint 1929; Clapperton 1971). 

Second, on surging glaciers, distal areas become effectively isolated 

from source (reservoir) areas during their quiescent phase, as ice 

fluxes decline to values insufficient to balance ablation (Meier and 
Post 1969). Third, it has been suggested that widespread stagnation of 
large areas of lowland ice sheets may occur due to low ice surface 

gradients (eg. Marcussen 1977). Fourth, rapid climatic amelioration 
has been invoked as part of a model of in situ decay of Lateglacial 

valley glaciers (Chapter 2; Sissons 1967a). The last two mentioned 

explanations also imply a reduction in ice discharge relative to 

ablation. 
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Broadly, therefore, factors inducing isolation of stagnating ice 

masses may be divided into debris- controlled and ice flow controlled. 
In both cases, the development of hummocky ice-disintegration 
topography requires the presence of a widespread mantle of surface 
debris. 

3.5.2 'Hummocky moraine' formation by deformation in association 
with stagnant ice 

A variety of drift forms in Sweden, grouped under the general term 
'hummocky moraine', was studied by Hoppe (1952,1957,1963). 
Characteristic forms included moraine plateaux, non-oriented ridges, 
ring-shaped 'rim-ridges', and apparently glacially streamlined 
surfaces. Hoppe proposed that these features were formed by a process 
of deformation below stagnant ice. He argued that the weight of 
overlying ice may displace water-soaked 'till' into subglacial cavities. 
The form of rim ridges was interpreted as being due to the 
deformation of such material into the edges of large cavities. Similar 

ring-shaped ridges were interpreted by Gravenor (1955) and Gravenor 

and Kupsch (1959) as evidence of deposition by subaerial processes 
around the edges of residual ice blocks. 

An origin for the Swedish moraines by the deposition of high-level 

debris from disintegrating ice was rejected by Hoppe, basically on two 
lines of reasoning. First, he noted that the sediment is generally 

compact and matrix-rich, arguing that this would not be the case for 

material deposited from supraglacial positions. Second, he 

consistently found significant preferred clast fabric modes transverse 

to ridge crest orientations, and he interpreted these as evidence of the 

direction of movement of the material under stress. Similar 

arguments were utilised by Stalker (1960) in a study of glacial 

sediments in Canada. Stalker regarded the material as 'basal till' 
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because of its poor sorting and abundant matrix component: 

'Till carried in the higher parts of a glacier tends to be coarse 
and if it slid down into the crevasses and holes, it would tend 
to be somewhat sorted. If water was present to wash the 

material as it fell down the sorting would be even more 
accentuated, and much of the fine material would be washed 
out, leaving a coarser till' (1960, p. 19). 

However, it should be noted that during the 1950s and 1960s the 

classification of glacigenic sediments was still in its infancy and the 

concepts of 'basal till' and 'ablation till' were rudimentary. The 

review of glacial systems in this chapter has demonstrated that the 
intuitive arguments adduced by Hoppe and Stalker are no longer 
tenable. Gravenor and Kupsch (1959) attributed material similar to 
that described by Hoppe and Stalker to the elevation and 
remobilisation of basal debris. They considered that the limited 

amount of water sorting in the material (and the general lack of 
associated glaciofluvial sediments) was due to relatively arid 
conditions in the continental interior (cf. Shaw 1977a, b; 
Ruszczynska-Szenajch 1982). 

Stalker (1960) did not present any new clast fabric data, but regarded 
those published by Hoppe as conclusive proof of the operation of the 
'till squeeze' mechanism. A possible interpretation of the clast fabric 

data is suggested by work by Lagerback (1988), who re-examined the 

classic area of 'Veiki moraine' studied by Hoppe. Lagerback confirmed 
that drumlinoid features are superposed on 'hummocky moraine' in 

limited areas. However, detailed examination of sections and 
trenches revealed interbedded sediment flow deposits and 

water-sorted sediments, taken to be indicative of subaerial deposition 

in the setting described by Boulton (eg. 1972a). The drumlinisation of 

parts of the moraines was attributed to subsequent glacial over-riding 
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and localised deformation. Organic material interbedded with the 

sediments yielded infinite 14C dates in 16 of 32 cases. The remaining 
dates fell within the range 17-40ka bp, most being >30ka bp. The 

younger dates were taken to indicate contamination, and all of the 

organic-bearing sediments were regarded as being older than ca. 40 ka 
bp. Accordingly, Lagerback interpreted the Veiki moraines as the 

products of stagnating ice during a deglaciation prior to the Late 
Weichselian and the subsequent over-riding was attributed to the 
latter stage. Lagerback's conclusions provide an interesting 

explanation for the similarities between the Veiki moraines and 
hummocky moraine elsewhere, while also paying attention to the 
important differences. It seems probable that the clast fabrics recorded 
by Hoppe were imparted on the sediments by the later over-riding 
episode. 

Hoppe's model has not received much support in recent years, 
although some workers (eg. Embleton and King 1975; Lundqvist 1986) 

regard it as being complementary to ice stagnation 'models. A 

principal reason for the neglect of Hoppe's ideas lies in the lack of 
observational support from modern environments (Boulton 1972a, p. 
384). Although deformation of soft sediments below ice has been 
inferred to account for low ridges on glacier forelands (eg. Price 1970; 

Boulton 1979; Sharp 1985b), it is at a much smaller scale. Hoppe's 

model therefore depends upon special and hypothetical conditions, 

which are not required by Lagerback's explanation. 

Similar remarks may be made regarding the model of 'hummocky 

moraine' formation proposed by Minell (1979). Minell's model 

proposes essentially the opposite debris/ice relationships to that of 
Hoppe. Minell argued that if supraglacial debris thicknesses are great 
(=30m), the underlying ice would deform diapirically upwards due to 

density instability and cause spatial variations in debris thicknesses. 

Upon ice wastage, the irregular debris was assumed to be reworked in 
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a similar manner to that in the ice stagnation model. In support of 
his model of ice diapirism, Minell cited Hughes' (1976) theory of 
thermal convection in ice sheets. However, Hughes' theory has not 
been widely accepted (Paterson 1981; Hughes 1985) and has uncertain 
empirical foundations. Although the existence of thermal convection 
cells and ice diapirs remains a theoretical possibility, there appears to 
be no aspect of the 'hummocky moraine' studied by Minell that 
requires their action. The uneven distribution of material in the areas 
of moraine can be adequately explained by the well-attested ice 

stagnation model. The principle of Occam's Razor therefore suggests 
that the latter model should be preferred unless additional evidence 
favouring Minell's ideas is discovered. 

3.5.3 Formation of 'hummocky moraine' below active ice 

'Hummocky moraine' formation in subglacial positions by active, 
over-riding ice has been proposed in two distinct forms. Problems of 
access to the subglacial environment have meant that both of these 
models tend to rely heavily on hypothetical mechanisms or the 

extrapolation of limited observational data. 

(1) Arid Polar Glacial Environments 

Shaw (1977a, b, 1980) has argued that mechanisms of glacigenic 
deposition in and polar environments differ significantly from those 

operative in association with sub-polar or temperate glaciers in 

relatively humid environments. The most significant differences 

relate to: 

(1) the ineffectiveness or absence of processes capable of 

elevating basal debris into englacial transport, and 
(2i) the dominance of sublimation and ice block fall over 
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melting as the major agents of ablation. 

According to Shaw (1977b) these conditions combine to produce 
hummocky depositional landforms. He observed that in front of the 
Taylor Glacier in the McMurdo Dry Valleys, Antarctica, debris 

accumulates in frontal talus-like aprons below terminal ice cliffs. 
From the nature of the debris in the aprons and in the basal layers of 
the adjacent ice, he hypothesised that during glacier advance, ice may 
over-ride and deform assemblages of proglacial debris aprons and 
that, upon retreat, the slow removal of ice inclusions (derived 

principally from fallen ice blocks) encourages the preservation of 
internal foliation and a characteristic hummocky surface morphology 
(Fig. 3.7). Internally, the sediments consist of crudely-stratified 
mass-movement deposits and water-sorted sediments, in addition to 
foliated diamicton ('sublimation' or melt-out till; Shaw (1977a), cf. 
Eyles et al. (1986)). 

The processes of apron entrainment and 'hummocky moraine' 
development in arid polar environments have recently been 
documented in Ellesmere Island, Canada, by Evans (1989a, b). 

(2) Hummocky Moraine Genesis below Sliding Ice 

A model relating 'hummocky moraine' development to 
hypothetical subglacial processes has been outlined by Aario (1977). 

This model was based upon a study and classification of moraine 
forms in Finland, in which he described a continuum of subglacial 
depositional landforms ranging from longitudinally-oriented flutes 

to transversely-oriented Rogen moraine, through 'hummocky active 
ice moraine'. A similar transition had been recognised by Sugden and 
John (1976). 

The internal composition of the 'hummocky moraine' and 
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drumlins described by Aario is dominated by lodgement till. 
However, Aario noted that in the upper part of many hummocks 
there is an increase in the proportion of sorted sediments, 
interbedded with diamictons ('till layers'), some of which '... could be 

referred to as ablation till, some of them more strictly as flow till' (pp. 
89-91). From this, deposition in the upper part of some of the 
hummocks was inferred to be from stagnant ice, the sediments being 
laid down on a subglacially-deposited core (cf. also Aario 1987, p. 90). 

Aario (1977,1987) outlined an hypothetical mechanism for the 
formation. of radial, transverse and non-oriented subglacial 
depositional forms, relating sedimentation to secondary flow patterns 
in the over-riding ice. These patterns were inferred to be partially 
influenced by topography as there was an observed association of 
hummocky forms with valleys, and the streamlined forms with 
interfluves. The model suggested by Aario associated the 
development of streamlined elements with short-lived helicoidal 
flow cells in the over-riding ice, in the manner proposed by Shaw and 
Freschauf (1971) and Shaw (1975). A separate secondary flow pattern 
was invoked by Aario to account for transverse forms. He surmised 
that: 

'... spiral flow predominates in the formation of flutings and 
linear drumlins, whereas [up and down] wave motion 
predominates in the formation of transverse Rogen ridges. 
Between these end members, combinations occur ... variation 
in flow can be deciphered, especially from the arrangement of 
morainic hummocks' (1977, p. 96). 

The existence of secondary flow cells has been questioned. Despite 

Shaw's (1980) argument that lack of observational data is not 

conclusive disproof, the arguments in favour of their existence are 

not strong. Analogies with the boundary layers of fluids are not 

compelling, due to the very different relationships of viscous and 
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inertial forces in the flow of ice (a polycrystalline solid) and fluids (cf. 

Allen 1985). The reliance upon clast fabric measurements alone for 

empirical corroboration (Shaw 1975; Aario 1977) is a serious weakness 
(Menzies 1979, p. 335). Clast fabrics in subglacially deformed, and 
deposited sediments may not necessarily parallel former ice flow so 

much as ambient stress fields, and fabrics may be developed oblique 

to ice-flow directions (cf. Boulton 1976b, 1987). Therefore, the fabric 

patterns cited by Shaw (1975,1977b) and Aario (1977) may represent 

subglacial shear of sediment in response to lateral pressure 
differentials (such as may be induced in the vicinity of obstacles or 

substrate inhomogeneities) rather than shear stresses applied directly 

by over-riding ice. This point was subsequently acknowledged by 

Aario (1987). 

Despite the difficulties encountered by his model, the internal 

composition of the hummocks investigated by Aario does suggest a 

subglacial origin. Other genetic mechanisms are possible. On the 

whole the mode of formation of subglacial depositional landforms 

remains contentious (Menzies 1979,1987). The literature is 

voluminous, and only a brief review of selected papers relevant to 

the problem of subglacial 'hummocky moraine' development will be 

attempted here. Although some workers (eg. Shaw and Kvill 1984) 

have invoked subglacial fluvial activity, most recent work on 

subglacial bedforms has tended to stress the importance of 

obstructions or inhomogeneities on the glacier bed in initiating 

deposition and deformation of sediment (eg. Smalley and Unwin 

1968; Boulton 1982,1987; Menzies 1982,1987; Eyles and Menzies 1983; 

Smalley and Pietrowski 1987). Menzies (1982) has provided a 

theoretical treatment of the initiation of 'till hummocks' or 

'proto-drumlins'. He argued that uneven lodgement till accretion 

may be initiated by variations in the geotechnical properties of the 

substrate, particularly shear strength (cf. Boulton 1974,1975). Factors 

tending to induce variations in the shear strength of basal sediments 
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were listed by Menzies, including the dissipation of excess water 

pressure into permeable substrata or meltwater conduits, and 
localised freezing. Conditions favourable for the growth of 
'proto-drumlins' are thought to require dynamic equilibrium with 

applied stresses. Menzies suggested as °a first approximation that 

agglomerations of 'till' will develop into drumlins below relatively 

slow moving ice (<50 m yr-1) and are unlikely to form under rapidly 
sliding or surging glaciers. A similar but more comprehensive model 
has been developed by Boulton (1987). This accounts for the 

occurrence of both lodgement till and sorted sediments inside 

drumlins and other subglacial bedforms. Boulton presented a 

mathematical model of the deformation of substrate materials 

around pre-existing inhomogeneities and landforms, and postulated 
that this mechanism is central to the development of subglacial 
bedforms. The continuum of non-oriented (hummocky) and radial 
forms (eg. ' Aario 1977; Rose 1987) was explained by the partial 
survival of preglacial non-oriented landforms within areas of 
subglacially-streamlined sediment. 

An area of small 'drumlins' on the foreland of Myrdalsjekull, 
Iceland, is relevant to this model and to the problem of subglacial 
'hummocky moraine' formation. Krüger and Thomsen (1984) and 
Krüger (1987) described the forms, which are 20 to 60m long, 15 to 
40m wide and 1 to 3m high (that is, subdued hummocky forms with 
low elongation ratios). Generally, their long axes are aligned parallel 
to former ice flow directions and the summit of each hummock 

occurs towards the proximal end. Internally, they consist of diamicton 

and glaciotectonically-deformed sediment. The mounds are arranged 

en echelon or in transversely- oriented chains, and were thought to 

be associated with former interchannel areas on the glacier foreland 

or transverse moraine ridges. It was concluded that the features 

represent the accretion of material over the deformed remnants of 
irregularities on the glacier bed following glacier advance. The 
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mounds may represent several generations of core genesis and 
deformation (Krüger 1987). Further examples were provided by 
Boulton (1987). 

The pattern and spacing of subglacially-formed hummocks was 
explained by Aario (1977) with reference to regularly spaced rhythmic 
secondary flow cells in the ice. However, random distribution 

patterns may result in an apparent regularity of spacing (Smalley and 
Unwin 1968). Furthermore, the work of Menzies (1979,1982), Boulton 
(1982,1987), and Krüger and Thomsen (1984) suggests that the spacing 
may result from the distribution of basal inhomogeneities or 
obstructions, which may themselves be randomly or non-randomly 
distributed. 

Although problems remain with the precise mode of origin of 
'drumlin-like' hummocky moraine, the connection with active, 
sliding ice seems to be well established from the location of modern 
forms on glacier forelands and from the internal lithofacies and 
structures found in both modern and ancient examples. 

3.6 Summary 

This chapter began with a detailed review of the characteristics of 

glacial systems, with particular reference to the entrainment, 
transport, and deposition of debris. This showed how processes 

operative in different parts of a glaciated basin may change the 

character of debris assemblages as they move through the system, and 
how these processes contribute to the final properties of the 

depositional products. Controls on sediment entrainment and 

transport were outlined. This information provided a foundation for 

the second part of the chapter, in which models of 'hummocky 

moraine' genesis were reviewed. These models were grouped on the 
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basis of overall depositional setting: 

(1) deposition of thick supraglacially-entrained debris; 
(2) deposition from surging glaciers; 
(3) deposition by sub-polar glaciers; 
(4) deformation in connection with stagnant ice; and 
(5) deposition/deformation below active ice. 

Within each model, the dominant processes of entrainment, 
transport, deposition and deformation are understood to impart 
distinctive properties on sedimentology and morphology of 
'hummocky moraine'. These properties (particle form, roundness 
and texture, granulometry, consolidation, fabric, structures, 
lithofacies associations, landform elongation and orientation, etc. ) 

reflect on a number of scales the history of the debris as it travelled 
through the cascade system. Careful study of these properties in 
'hummocky moraine' can therefore provide a basis for reconstructing 
the history of sediment transport and the processes of moraine 
formation. 

The next chapter uses the above overview of glacial sedimentary 
systems to generate a set of research questions relevant to Scottish 
'hummocky moraine', and to develop a methodology for their 

resolution. 
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Fig. 3.1 Debris transport model for subaerially-generated debris. (from 

Gordon and Birnie 1986). 

Fig. 3.2 The glacial debris cascade system. Compiled from various 
sources. 
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FACES CODE SYMBOLS 

Diamict, D: 

Dm matrix supported 
- 

Diamict 

Dc clast supported 

D-m massive stratified 

D-s stratified sheared 
D-g graded 

Genetic interpretation () jonted 

D-(r) resedimented 
D-(c) current reworked . 4D ". "" o" Gravel 

D-(s) sheared Sand 

Gravels, G: Fines 

Laminations 
Gms massive, matrix supported 

- with intraclasts 
Gm massive or crudely bedded 

Gt trough cross bedded with dropstones 

Gp planar cross bedded --u with loading structures 

Sands, S: Contacts 

Sr rippled Erosional 

St trough cross bedded 
Conformable 

Sp planar cross bedded 

SI low angle cross bedded Loaded 

Sh horizontal lamination 
Interbedded 

Sm massive 
Sg graded 

Sd soft sediment deformation 

Fine-grained, F: 

Fm massive 

Fl laminated 
F-d with dropstones 

Fig. 3.3 The lithofacies coding system proposed by Eyles et al. (1983). 
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A a 

Fig. 3.4 The Glaciated Valley Landsystem (from Boulton and Eyles 1979). 

A. Debris entrainment and transport. a: accumulation area, b: ablation area, 1. 
bedrock, 2. lodgement till, 3. basal transport zone, 4. bed-parallel debris septum, S. 

supraglacial lateral moraine, 6. supraglacial medial moraine. 
B. Debris deposition. 1. bedrock, 2. fluted lodgement till, 3. ice core, 
4. supraglacial debris, 5. ice-cored and kettled debris, 6. bouldery veneer, 7. dump moraine 

ridges (ice-contact scree), 8. debris flows, 9. supraglacial medial moraine, 10. proximal 

meltwater streams, 11. kame terrace, 12. scree, 13. fan, 14. latero-terminal dump moraine, 
15. fines washed into crevasses and moulins. 
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Fig. 3.5 The formation of glacially thrust ridges. 
A: formation of an imbricate push moraine (from Krüger 1985); 

B: formation of a large push moraine during a glacier surge (from Croot 

1988b). 
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Fig. 3.6 The sub-polar'ice disintegration model (after Boülton'1972a). 

1. supraglacial debris, 2. foliation, 3. englacial debris bands, 4. shear plane, 5. infill of 

supraglacial hollow, 6. uneven ablation, 7. till flows, 8. debris remobilisation, 
9. lodgement till, 10. supraglacial stream, 11. slope failure, 12. deltaic sedimentation, 
13. ice core, 14. reversal of relief following ice melt, 15. faults, 16. lacustrine and fluvial 

sediments, 17. basal melt-out till, 18. uncontrolled stagnation topography. 19. controlled 
stagnation topography. 
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Fig. 3.7 Glacial transport and deposition in and polar environments 
(from Shaw 1977a). 
1. supraglacial boulders, 2. frontal apron, 3. highly attenuated foliated ice and debris, 
4. poorly attenuated ice and debris, 5. rigid zone, 6. plastic zone, 7. shear planes, 
8. vertical stones truncating foliation, 9. zone of folding, 10. stones parallel to foliation 
with augen structure, 11. flow till, 12. melt-out till, 13. supraglacially-transported stones, 
14. creep till, 15. water deposited sediments, 16. transverse moraine, 
17. sublimation till: a. highly attenuated fades, b. poorly attenuated facies. 
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Chapter Four 

Physical and Methodological Background 

4.1 Introduction 

Chapters 2 and 3 of this thesis examined the present state of 
knowledge of the genesis of 'hummocky moraine'. Work on 

moraine genesis in Scotland was reviewed in Chapter 2, and the need 
for further detailed studies was highlighted. A framework for such 

studies was developed in Chapter 3, in which models of 'hummocky 

moraine' formation were reviewed within the context of alpine 

geomorphology. The concepts of debris transfer through sedimentary 
basins and glacial sediment-landform associations were introduced. 

This thesis employs some of the concepts outlined in Chapter 3 in 

an investigation of certain moraines deposited during the Loch 
Lomond Stadial. Particular emphasis is given to establishing the 
dominant controls on moraine genesis at both local and basin scales. 
This chapter sets out the physical and methodological background to 

the study. First, the rationale and objectives of the study are detailed 

(Section 4.2). The reasons for the choice of study area are then given, 
followed by a description of the geology, topography and glacial 
history of the area (Section 4.3). Finally, Section 4.4 describes the 

methods employed in the study, and relates them to the research 

objectives. 

4.2 Rationale and objectives 

4.2.1 Rationale 

The review of the literature on moraine genesis in Chapters 2 and 3 

indicates that the subdivision of Scottish moraines into fluted, 
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lateral-frontal and 'hummocky' forms is simplistic and inadequate as 
a basis for detailed palaeoenvironmental and palaeoclimatic 
reconstructions. It is necessary, therefore, to develop and apply a 
genetic approach to moraine classification and interpretation before 

the glacial geologic record of upland Britain can be fully interpreted. 
There exists a need for models of moraine genesis that clearly isolate 

the respective influences of geologic, topographic, glaciodynamic and 
climatic factors on moraine morphology, sedimentology and 
distribution. 

The literature reviewed in Chapter 3 suggests that a number of 
factors may have influenced the characteristics and distribution of 
Scottish Lateglacial moraines. Such possible factors include debris 

availability, local topography, glacier configuration, thermal regime 
and mass balance, and whether the glaciers were of surging or 
non-surging type. Equally important for present purposes is the 

provision of a flexible conceptual framework for the study of debris 
transfer in glaciated valleys, that of the sedimentary basin. The 

sedimentary basin concept, in the particular form of the alpine 
sediment system (Clark 1987a), enables the study of glacigenic 
landforms to be set in a dynamic context. Particular- sediment- 
landform associations may then be regarded as a set of possible end 
products of a network of processes that influence down-valley 

sediment transfer. It was therefore hypothesised that the 

characteristics of Scottish Lateglacial moraines were influenced by 
between- and within-basin variations in the respective subsystems of 
debris entrainment, transport and deposition/ deformation, in 

addition to regional climatic controls. 

This thesis applies the sedimentary basin framework to the problem 

of the origins of 'hummocky' and other moraines of Loch Lomond 

Stadial age in part of north-west Scotland. The overall objective is to 

establish the palaeoenvironmental significance of different moraine 
forms by identifying local and basin-scale controls on sediment 
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production and redistribution in contrasting areas. 

4.2.2 Research objectives 

The following objectives were defined at the onset of the research. 

(1) Reconstruction of the depositional processes and environment 
associated with moraine formation. 

(2) Determination of the relative contribution and spatial variations 
of extraglacial and subglacial debris supply to the former glaciers, 
including an assessment of the importance of inherited, reworked 
debris. 

(3) Reconstruction of the transport history of the debris in the 

moraines, with particular reference to active and passive modes of 
transport. 

(4) The identification of genetic sediment-landform associations and 
their relationships with specific combinations of controlling 
variables. 

(5) Determination of the climatic implications of certain moraine 
types, particularly whether the moraines record active glacier retreat 

or widespread stagnation. 

Study areas and methodology were chosen in order to meet the 

requirements of these objectives. 

4.2.3 Requirements of the study areas 

The objectives of detailed investigation of debris entrainment, 
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transport and deposition in a number of contrasting glaciated valleys 
place important constraints on the choice of study areas. Four such 
constraints are of particular importance. 

(1) The reconstruction of depositional processes associated with 
moraine formation requires the availability of abundant large, clean 
sediment exposures in well-preserved landforms. 

(2) If the basin-scale patterns of debris supply are to be established, 
morainic debris must be traceable to clearly-defined source areas with 
distinctive lithologies. 

(3) To allow valid comparison between basins, the limits of the 
former glaciers should be well defined and known to be broadly 

synchronous. 

(4) A range of glacier sizes, aspects and configurations should be 
represented. 

Many parts of the Scottish Highlands fail to meet one or more of the 

above requirements. Large areas of the Grampians and North-west 
Highlands are underlain by Dalradian or Moinian metamorphic 
rocks which generally lack sufficient basin-scale geological variation 
to allow the identification of distinct debris source areas. 
Furthermore, in some parts of Scotland, the limits of the Loch 

Lomond Readvance are uncertain or contentious. For example, 

contrasting views have been expressed concerning the age relations of 

glacial landforms in the Cairngorms (eg. Sugden 1970,1980; Sissons 

1979a) and the North-west Highlands (Sissons 1977b; Lawson 1986; 

Reed 1988). 

The Cuillin Hills in central Skye (Fig. 4.1) constitute an ideal study 

area in all respects. The area contains a wide range of well-preserved 
moraines that are known to relate to valley glaciation during the 
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Loch Lomond Stadial (Walker et al. 1988; Ballantyne 1989a). The 
limits of the Loch Lomond Readvance in central Skye have been 

mapped in detail by Ballantyne (1989a), who demonstrated the 

existence of several corrie glaciers and a central icefield and 
transection complex. The extent and age relations of the glaciers are 
closely constrained by the distribution of high raised shorelines and 
Lateglacial pollen sites (Walker et al. 1988). Furthermore, the geology 
of the Cuillin Hills is richly varied, and in several parts of the range 
lithological units have a distribution favourable to the study of glacial 
debris provenance and transport. Finally, in many parts of the Cuillin 
Hills a large number of easily-accessible sediment exposures are 
available in stream banks, road cuttings and borrow pits. The geology, 
topography and glacial history of the Cuillin Hills are described in the 
following section. 

4.3 The Cuillin Hiils of Skye: General description 

The Cuillin Hills constitute one of the most spectacular glaciated 
landscapes in Britain. The mountains, which attain altitudes of over 
900m od, are deeply dissected by a radial system of corries and troughs 
that descend to a rugged coastline (Fig. 4.2). Several of the valleys 
terminate in deep fjord-like sea-lochs. The geology of the area is 

extremely varied and has for long been the subject of intense study 
(Harker 1904; Bell and Harris 1986). 

4.3.1 Geology 

The Cuillin Hills are the eroded remnants of a Palaeogene plutonic 

centre that forms part of the British Tertiary Igneous Province (Gass 

and Thorpe 1976). The igneous activity, which has been dated to c. 
60-55 Ma BP, occurred in a tensional tectonic setting associated with 

rifting in the North Atlantic region. The following geological 
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synopsis is taken from the excellent account of the area given by Bell 

and Harris (1986). 

Broadly, four generations of intrusions are represented in the Skye 
Igneous Complex, and are distinguishable on petrological and 
structural grounds. The petrological evolution of the complex was 
characterised by increasing acidity, probably as the result of 
fractionation processes and magma contamination by quartz-rich 
crustal rocks. This petrological trend was accompanied by a migration 
of the centre of activity to the east, resulting in a series of 
cross-cutting, roughly circular plutons (Fig. 4.3). 

The earliest, westernmost pluton, known as the Cuillin Complex, is 

c. 8 km in diameter, and consists of a series of arcuate masses of 
layered basic and ultrabasic rocks, such as gabbro and peridotite, that 
dip inwards to a common focal point. In general, the oldest members 
occur near the margins of the complex, while the younger members 
are found towards the centre. Concordant with the concentric 
structure of the complex is a later series of thin (c. 1-2m) dolerite cone 
sheets that impart a distinctive bedded appearance to some parts of 
the intrusion. 

The north-eastern portion of the Cuillin Complex is truncated by 

two successive intrusive complexes, those of the Srath na Creitheach 

and Western Red Hills Centres (G1 and G2, Fig. 4.3). Both of these 

centres are dominated by epigranites, although felsites and hybrid 

rocks also occur. Near the northern limit of the Western Red Hills 

Centre the roof zone of one of the epigranites is exposed, below an 

outcrop of earlier Palaeogene flood basalts. 

The Western Red Hills Centre is cut by further epigranites of the 

Eastern Red Hills Centre (G3, Fig. 4.3). In common with the earlier 

centres, more than one generation of intrusion is represented. 
Activity in the Eastern Red Hills Centre culminated with the 
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intrusion of the boss-shaped Inner Granite. 

Thoughout the Skye Igneous Complex are outcrops of agglomerate 
and tuff. Some of these are pipe-shaped masses of intrusive origin, 
and others are the subsided remnants of subaerial and subaquatic 
pyroclastic deposits. Skye is traversed by innumerable basic dykes, 

which occur in radial and linear swarms. 

The Skye Igneous Complex is set in a wide variety of country rocks. 
At the present level of erosion these include gneisses, Proterozoic, 
Palaeozoic and Mesozoic sedimentary strata, and Palaeogene sills and 
extrusive basalts (Fig. 4.3). The sedimentary rocks record terrestrial 

and marine deposition in tectonically-controlled basins. The basalts 

relate to volcanic activity that predates the intrusion of the presently- 
exposed plutonic rocks, and cover an extensive area to the north and 
west of the Cuillin Hills. 

4.3.2 Topography 

The underlying geology has exerted a strong influence on the gross 
morphology of the Cuillin Hills. This is particularly evident in the 

contrast between the areas underlain by the basic rocks of the Cuillin 
Complex and the later acidic intrusions. The former areas consist of 
high, pinnacled ridges defined by extensive free faces, while the 

epigranites typically form rounded hills and rectilinear 
debris-mantled slopes. 

The area of the basic Cuillin Complex is occupied by two distinct 

mountain masses separated by a glacial breach; the Black Cuillin ridge 

to the west, and the Bla'bheinn group to the east (Fig. 4.2). The Black 

Cuillin form an arcuate series of aretes, the trend of which follows 

the ring structure of the underlying rocks. The narrow crest of the 

main ridge rises in numerous places to summits over 900m od, 
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separated by steep-sided clefts or bealachs. These bealachs are 
generally the sites of inweathered basalt dykes, as are many of the 

gullies that incise the area (Harker 1904). Subsidiary ridges lead off the 

main ridge to the south and east and bound two deep troughs, Harta 
Corrie and Coir'Uisg (Fig. '4.2). The latter contains an overdeepened 
rock basin, separated from the sea by a narrow rock bar. A succession 
of spurs project from the main ridge to the north and west, and 
define a line of corries along the outer slope of the range. The corries 
cover a wide range of aspects from south-south-west to north. In 

common with the Black Cuillin, Bla'bheinn (928m) and its 

neighbours to the north form a series of indented ridges that parallel 
the strike of the underlying rocks. 

The Western Red Hills are topographically contiguous with the 
Bla'bheinn group, and are separated from the Black Cuillin by the 
deep breach of Glen Sligachan and its southern continuation, Srath 

na Creitheach (Fig. 4.2). The Western Red Hills consist of a series of 
broad ridges and rounded summits, c. 700-800m in altitude, separated 
by low, broad cols. True corrie forms are not common. The largest of 
the valley systems in the Western Red Hills drains eastwards into 
Loch Ainort. 

East of Loch Ainort are the Eastern Red Hills. Three hill masses are 
present; (1) the dome of Glas Bheinn Mhör (569m); (2) the isolated 

summit of Beinn na Cro (572m) and (3) a group of hills culminating 
in Beinn na Caillich (732m) above Broadford (Fig. 4.2). The three hill 

masses are separated by two north-south trending troughs, Srath Mör 

and Srath Beag. The Beinn na Caillich group is composed of the 

resistant, massive Inner Granite and has been incised by a radial set of 

steep-sided corries. 

The country rocks flanking the Cuillin Hills give rise to varied 
landscapes, most notably trap plateaux on the basalts, and dip and 

scarp forms on the Mesozoic sedimentary rocks. 
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4.3.3 Glacial history 

The evidence for former locally-nourished glaciers in the Cuillin 
Hils is exceptionally well preserved, and was recognised shortly after 
the introduction of the glacial theory to the British Isles (Forbes 1846; 
Bonney 1871). Glacial erosional and depositional forms are varied, 
and lateral-frontal, streamlined and 'hummocky' moraines have 
been mapped in the area (Ballantyne 1989a). 

Early work demonstrated the contrast between the pattern of ice 
flow at the last glacial maximum and that of a later local glaciation 
(Harker 1901; Clough and Harker 1904). The last ice sheet glaciation of 
Skye is now known to have occurred during the Dimlington Stadial 

of the Devensian cold stage (Sutherland 1984a). Striae, ice-moulded 
bedrock and the distribution of erratics demonstrate that during this 

glaciation ice flowing westwards from mainland Scotland was 
deflected around the Cuillin Hills (Harker 1901; Fig. 4.4). Along the 

eastern edge of the Cuillin massif, mainland ice flowed to the 

north-west following the general trend of the coastline, while to the 

south ice flow was generally westwards. To the north and west ice 
flowed radially away from the Cuillin Hills, although local variations 
were imposed by the underlying topography (Harker 1901; Anderson 

and Dunham 1966; Ballantyne 1990b). 

Little is known of the pattern of deglaciation of the Dimlington 

Stadial ice sheet on Skye. Ballantyne (1988) described two occurrences 

of 'ice-sheet moraines' on Skye: a group of arcuate forms in the 

Kyleakin Hills east of Broadford and a linear feature that trends 

parallel to the coast above Strollamus in the Eastern Red Hills (Figs. 

4.1,4.2). The latter was interpreted as a lateral moraine that marks the 

limit of a readvance of mainland ice. However, re-examination of the 

Strollamus moraine during the present study cast doubt on its 
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interpretation as a lateral moraine. The feature appears more likely to 
be a medial moraine and to be unrelated to an ice readvance. The 

reasons for this reinterpretation are given in Chapter 6. 

Relative sea-level during ice-sheet deglaciation was c. 30m od near 
Kyleakin and c. 15m od around the sea-lochs to the west of the 
Cuillin Hills (Walker et al. 1988; Fig. 4.1). Raised beach platforms and 
deposits up to these altitudes are preserved in many embayments 
above the present coast. 

The maximum extent of ice during the local glaciation was not 
clearly defined by early workers (Harker 1901; Clough and Harker 
1904). The first clearly-specified ice limits were drawn by 
Charlesworth (1956), who correlated the local glaciation of Skye with 
his Stage M, or the Lateglacial (Loch Lomond) Readvance (Simpson 
1933; Sissons 1967a). Charlesworth's map shows a series of glaciers 
occupying the western corries of the Black Cuillin and the corries 
above Broadford, in addition to an icefield and transection complex 
in the centre of the range (Fig. 4.5). A more limited distribution of 
local glaciers on Skye was envisaged by Sissons (1977a), who argued 
that Loch Lomond Readvance glaciers in the Cuillin Hills were 
restricted to twelve peripheral corries and the trough of Coir'Uisg 
(Fig. 4.6). It seems probable that Sissons' view was influenced by a 
personal comunication from H. J. B. Birks, who expressed the opinion 
that a (then unanalysed) peat core from Loch an Eilean, near 
Sligachan (Fig. 4.6), displayed a full tripartite Lateglacial stratigraphy. 
This information apparently led Sissons to place the Loch Lomond 

Readvance limit well within several very extensive areas of 
'hummocky moraine', contrary to his normal practice (cf. Ballantyne 

1989a). It has since come to light that Birks' initial assessment of the 

core was in error, and that the sequence actually consisted of a 
diatomite band within wholly Flandrian sediments. 

The extent and timing of the local glaciation on Skye has been 
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re-examined in detail by Walker et al. (1988). Their study showed, by 

several lines of evidence, that during the Loch Lomond Stadial the 
Cuillin Hills were occupied by an icefield and transection complex 

and several corrie glaciers (Fig. 4.7), with limits closely similar to 

those drawn by Charlesworth (1956). Other small glaciers were 
delimited in the Trotternish peninsula and in the Kyleakin Hills 

(Walker et al. 1988; Ballantyne 1989a; 1990b). The age of the local 

glaciation was established by pollen stratigraphy and with reference to 

the distribution of raised shorelines. In all, 15 pollen sites were 
investigated, 10 of which lay inside the mapped glacier maxima. All 

of the cores taken from inside the mapped readvance limits consisted 

solely of Flandrian sediments, in contrast with those from outside 

which all yielded organic sediments dating from the Lateglacial 

(Windermere) Interstadial. The implication that the mapped glacier 
limits relate to the Loch Lomond Readvance is supported by the 

shoreline evidence. With one possible exception (discussed ' in 

Chapter 6), raised shorelines occur only at or below 10m od within 
the mapped limits, while outside, the marine limit stands at between 

15m and 30m od. The shorelines that occur at <10m od were 

attributed to the Main Postglacial Transgression, an interpretation 

that is compatible with the known pattern of isobases for the Main 

Postglacial Shoreline elsewhere in western Scotland (Gray 1983). 

Relative sea level during the Loch Lomond Stadial is not known 

with certainty, but the occurrence of fresh intertidal rock platforms 

around the coast of Skye suggests that it lay close to that of the 

present. 

The detailed geomorphological evidence for the extent of the 

glaciers was presented by Ballantyne (1989a). Ballantyne reconstructed 

the horizontal and vertical extent of the glaciers using several lines of 

evidence, including the distribution of drift cover, ice-flow indicators 

(eg. erratics and striae), lateral and frontal moraines, and periglacial 

trimlines. Trimlines are extremely well preserved in many places, 

particularly on the basic rocks of the Black Cuillin and the Bla'bheinn 
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group, and show that the accumulation areas of all of the ice masses 
were overlooked by ridges and nunataks. 

The reconstructed glacier maxima are shown in Figure 4.7. The 

western corries of the Black Cuillin were occupied by six independent 

corrie glaciers, and a further three independent glaciers were 
nourished in the Eastern Red Hills. Evidence for a tenth independent 

corrie glacier, in Fionn Choire in the northern Black Cuillin, is less 

clear. The carry of distinctive silicified trachyte clasts from the corrie 
towards the north indicates that the glacier may have been confluent 
with the ice that occupied Glen Sligachan (cf. Harker 1901). The 
icefield and transection complex that covered much of the central 
part of the Cuillin Hills is divisible into a number of glacial 
sedimentary basins on the basis of topographic divides and ice-flow 
indicators. Several outlet tongues of ice from these basins terminated 
in the sea, while others, such as the piedmont lobe of ice that 

extended to the north and west of Sligachan, terminated on land. 

The morphology of the outlet glaciers was varied. Ballantyne 
(1989a) drew particular attention to the contrast between the steep 
Coir'Uisg glacier and the low-gradient Sligachan piedmont lobe, and 
suggested that the reconstructed surface profiles of the glaciers reflect 
differences in the substrate over which the glaciers flowed. The 
Coir'Uisg basin is predominantly drift free, in common with many 
corries and troughs in crystalline rocks in western Scotland. By 

contrast, the area that was occupied by the Sligachan piedmont lobe is 

covered by a thick, radially-lineated suite of moraines, sections in 

which reveal sheared basal till. Ballantyne suggested that 
deformation of this sediment could have occurred at shear stresses 
below those typical of glaciers resting on rigid substrata, with the 

result that the overriding ice could assume a lower-gradient surface 

profile (cf. Boulton and Jones 1979; Boulton 1987). This argument 

represents an important attempt to explore the links between 

moraine characteristics and the configuration of former glaciers, and 
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highlights the need for accurate knowledge of the extent and timing 

of former glacier cover. 

The presence of fluted moraines and large areas of striated and 
abraded bedrock within the limits of the Loch Lomond Readvance in 

the Cuillin Hills provides strong evidence that the glaciers were 
temperate throughout. 

The work of Walker et al. (1988) and Ballantyne (1989a) is the most 
intensive and rigorous published study of an area that was glaciated 
during the Loch Lomond Stadial. The spatial extent of each 
sedimentary basin has been established, and adjacent basins may be 
legitimately compared due to good chronological controls. When 

these facts are combined with the other advantages of the area, the 
Cuillin Hills clearly present an excellent opportunity to study the 
influence of geographical factors on the distribution and genesis of 
different moraine forms. 

4.3.4 Areas for detailed study 

Detailed study of the entire area of the Cuillin Hills was beyond the 

scope of the present thesis. The choice of basins for investigation 

reflects the need for contrasting areas containing a diversity of 

moraine forms. The study areas fall into three groups, based on the 

configuration of the former glaciers: (1) the northern part of the 

eastern transection complex (1, Fig. 4.7); the southern part of the 

eastern transection complex (2, Fig. 4.7); and (3) the independent 

corrie glaciers (3-11, Fig. 4.7). The advantages of each of these areas for 

present purposes are given below. 

(1) Eastern tansection complex: north 
The northern part of the eastern transection complex occupied (a) 

the system of valleys and corries that drains into Loch Ainort, and (b) 
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the adjacent valleys of Gleann Torra-mhichaig and Coire Mör to the 

north (Figs. 4.2,4.7). This topographically-varied area is defined on 
three sides by a rim of hills rising to over 700m. A variety of moraine 
forms is present, and abundant sediment exposures are available. The 
basin is mainly underlain by parts of the Western and Eastern Red 
Hills centres, although on the southern part of the watershed basic 

rocks of the Cuillin Complex crop out. The arrangement of 
lithologies is particularly well suited - to clast provenance and 
transport studies. First, there is a clear lateral variation of rock type 

around the backwalls of the basin and, second, along the floor of the 
trunk valley there are equally clear longitudinal lithological changes. 
As a result, former glacier flow lines can be established with accuracy 
and the relative importance of different debris source areas can be 
determined. 

6 
(2) Eastern transection complex: south 

The southern part of the eastern transection complex occupied 
Srath Mör, Srath Beag, upper Loch Slapin and parts of the adjacent 
high ground (Figs. 4.2,4.7). The study area is bounded to the west by 

the crest of the Bla'bheinn group and the epigranite Glas Bheinn 
Mhör, and to the east by the granite Beinn na Caillich group. 
Moraines are abundant on the lower ground, and in places clear 
transverse linear elements are present within areas of 'hummocky 

moraine' (Ballantyne 1989a). Such places are of interest regarding the 

controversy over the 'active -ice' and 'stagnant ice' models of 
'hummocky moraine' genesis. Much of the low ground is underlain 
by Jurassic sandstones and shales, presenting an opportunity to 

compare the depositional landforms that occur on weak, fissile strata 

with those that occur on crystalline rocks elsewhere in the Cuillin 

Hills, and to examine the influence of geological factors on patterns of 
debris provenance and transport. 

(3) The independent corrie glaciers 
The corries that flank the western Black Cuillin and the Beinn na 
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Caillich group comprise nine study areas that contrast with those 
described above. The corries are small, have simple planforms, are 
lithologically relatively homogeneous, and cover a wide range of 
aspects. Ballantyne (1989a) showed that 'hummocky moraine' has a 
limited distribution in most of . the corries and that lateral-frontal 

moraines are well developed. The independent corrie glaciers were 
included in the present study (1) to establish whether moraine- 
forming processes differed from those reconstructed for the other 
study areas; (2) to investigate the influence of basin topography and 
valley-wall aspect on patterns of debris supply; (3) to take advantage 
of the simple planform of the basins to model former sediment 
dynamics and (4) to provide a broader perspective on patterns of 
glacier retreat and their palaeoclimatic implications. 

4.4 Methodology 

4.4.1 Range of methods 

The research objectives outlined in Section 4.2.2 were approached by 
two principal strategies. First, empirical studies were conducted to 
determine the genetic significance of different moraine types and to 

establish the origin and transport history of the constituent debris. 
These studies form the basis of Chapters 5,6, and 7 which deal, 

respectively, with the northern and southern parts of the eastern 
transection complex and the independent corrie glaciers. Secondly, 

theoretical aspects of debris dynamics and the influence of climate 

were approached by mathematical modelling of key glaciological 

parameters. The results of this work are reported in Chapter 7 and the 

methods that were employed are described in the Appendix. 



100 

The empirical methods consisted of: 

(1) preparing maps of moraine pattern and distribution, and other 
geomorphological features; 
(2) lithofacies logging of sediments; 
(3) lithological analysis of boulders and subsurface clasts; 
(4) studies of clast characteristics and their relationship to debris 
transport history; and 
(5) particle size analysis. 

For present purposes it was not found necessary to conduct clast 
fabric analyses. Clast fabric orientation and strength are known to be 
influenced by transportational and depositional processes and, in the 
case of basal tills, ice-flow directions (Section 3.3.5). In this study the 
reconstruction of depositional processes has been based on field 

observations of lithofacies, particularly sedimentary' structures; and 
patterns of glacier flow have been determined with reference to the 
distribution of erratics and the orientation of striae. 

The methods that were employed in the present study are discussed 
in turn in the following sections. 

4.4.2 Mapping 

Mapping was conducted in the study areas for two main purposes: 

(1) to provide independent data on the configuration of the former 

glaciers, particularly the orientation of flow lines and the vertical and 
horizontal extent of ice cover; and 
(2) to gather detailed information on the morphology, pattern and 
distribution of moraine assemblages. 
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(1) Glacier reconstructions 
Three-dimensional reconstruction of the former glaciers was 

achieved by comprehensive mapping of selected geomorphological 
features at scales of 1: 25000 or 1: 10560. The base maps were published 
Ordnance Survey topographic maps with photogrametrically- 
determined contours at intervals of 10m and 25ft (7.62m) respectively. 
The accuracy of these base maps allowed the precise plotting of 
geomorphological features, which included moraines, drift limits, 
longitudinally-lineated drift forms (eg. fluted moraines), boulder 

trains, striae, raised shorelines, and periglacial trimlines (cf. Thorp 
1981,1986; Porter and Orombelli 1982; Ballantyne 1989a, 1990a). The 

maps were constructed in the field during repeated high- and 
low-level traverses of the basins. 

The margins of the former glaciers are not marked by continuous 
features. For example, periglacial trimlines are not everywhere 
preserved because many of the slopes in the Cuillin Hills, particularly 
on the epigranite Red Hills, are geomorphologically active. However, 

on bare rock slopes, especially on spurs, ridges and buttresses, the 

position of periglacial trimlines can often be located with a vertical 
accuracy of 10-30m. Interpolation between such data points allowed 
accurate reconstruction of the configuration of the upper parts of the 
former glaciers in most cases. The ablation areas of the former glaciers 
were delimited from the distribution of depositional landforms. In 

most places, this procedure revealed a pattern that was fully 

consistent with that determined from trimline evidence and the 
distribution of raised shorelines. In a few instances, however, it was 

suspected that ice sheet deposits occurred in juxtaposition with those 

relating to the Loch Lomond Readvance. In such cases, additional 

criteria were sought, such as the distribution of erratics. Particular 

cases are discussed in Chapters 6 and 7. The reconstructions of the 

former glaciers are closely similar to those of Ballantyne (1989a); in 

only a few places were minor revisions necessary. 
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During basin-scale geomorphological mapping, attention was paid 
to probable debris source areas. The locations of lithological 
boundaries were checked in the field, and their positions plotted on 
the base maps. In addition, the extent of free faces and debris-mantled 

slopes was checked and mapped. Finally, basin-scale mapping formed 

the foundation for the choice of moraine assemblages for detailed 

study. 

(2) Moraine pattern and distribution 
Selected moraine assemblages were mapped at a scale of 1: 10560 on 

Ordnance Survey topographic maps. Such mapping was completed 
for the entire area that was occupied by the independent corrie 

glaciers and large parts of the low ground that was covered by the 

eastern transection complex. Moraine forms are represented on the 

maps by true-scale solid symbols that record the basal break of slope 

around each ridge or mound. This graphic technique provides a clear 

and readily-interpreted portrayal of moraine pattern, and has been 

used to effect by Sissons (1977c, 1982), Kurimo (1977) and Boulton 
(1987) among others. In addition, the locations of boulder 

concentrations and spreads were plotted. 

An initial, unsuccessful, attempt was made to produce the maps 
from vertical aerial photographs (c. 1: 25000) using a Bausch and Lomb 

stereo zoom transferscope. Three maps produced in this way were 
checked in the field and found to be of very uneven quality. In 

general, the more complex the moraine pattern, the less accurate the 

maps. The principal source of error was the low tonal contast in 

many of the photographs; this was in turn due to a frequently 

homogeneous vegetation cover in the moraine areas compounded by 

unfavourable lighting conditions. Detailed mapping from aerial 

photographs was therefore abandoned and an alternative strategy, 
based on field surveys, was adopted. 

All detailed maps of moraine form were produced in the field 
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during repeated closely-spaced closed traverses of the moraine 
assemblages. Features including ridges, massive mounds, 
hummocks, closed hollows, debris fans and fluvial and glaciofluvial 
terraces were plotted directly on to the 1: 10560 contoured base maps. 
The accuracy of the contours on the base maps generally permitted 
the precise identification of the position, orientation and dimensions 

of landforms. In some cases, however, this was not possible, 
especially where the features were small, background relief was low, 

and identifiable reference points, such as field boundaries or streams, 
were absent. In such cases, mapping was accomplished by taking a 
series of cross-bearings on the most prominent features using a 
Suunto prismatic compass. This procedure generated a system of 
mapped reference points between which additional information 

could be interpolated. The mapped moraine pattern was checked in 

two ways. First, all field traverses were closed at a previously-mapped 
feature. Mapping was continued only if the mapped pattern was 
clearly identifiable on the ground. Second, at a number of times 
during the mapping program the entire moraine assemblage in each 
area was viewed from a high vantage point in low light. This strategy 
afforded a broad perspective on the overall pattern that was, in most 
cases, superior to that given by the aerial photographs. Fair copies of 
the field maps were drawn at a scale of 1: 10560, and are reproduced in 
Chapters 5,6 and 7. A key to the mapping symbols is shown in Figure 
4.8. 

In certain cases, supplementary data on moraine form were 

collected to assess moraine size and/or morphology. Moraine 

dimensions and cross-sectional form were measured in a number of 
locations by surveying moraine cross-profiles. The profiles were 

measured using an Abney level and 30m tape, using a step length 

that varied between lm and 30m according to the complexity of the 

terrain. -The choice of location of the profiles was influenced by a 

number of factors. First, locations were sought that were 

representative of the area of moraines under study. Second, parts of 
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the moraines were avoided where either erosion, the deposition of 
sediments or the growth of peat have obviously modified the ground 
surface since deglaciation. Third, the - distribution of bedrock 

exposures was taken into account, to allow more accurate assessment 
of the substrate form below the moraines. The results were drawn up 
at a scale of 1: 1000 on millimetre graph paper. Cross section areas 
were estimated by summing the 1 mm squares or parts of squares 
enclosed by the profiles on the drawings. Each square represented 
1m2. 

Less rigorous data on moraine form were obtained in some areas by 

taking paired measurements of the maximum slope angle on the 
distal and proximal slopes of moraines using an Abney level or a 
Suunto compass-clinometer. This technique allowed the rapid 
assessment of the degree of cross-sectional asymmetry present in a 
moraine assemblage in places where more time consuming methods 
were logistically impossible. 

4.4.3 Lithofacies logging 

Lithofacies logs were used in conjunction with the data on moraine 

pattern and morphology to allow reconstruction of former glacial 

sedimentary environments. Logs were made of cleaned natural or 

pre-existing man-made sediment exposures. No lithofacies logs were 

made from sampling pits, largely because the typically stiff, stony 

nature of most glacigenic sediments in the Cuillin Hills severely 

restricts the size of pits that can be created manually. Mechanical 

means were unfortunately beyond the resources of the present 

project. The overwhelming advantage of large sections over small 

manually-excavated pits is that the former reveal the large-scale 

horizontal and vertical architecture of the sediments (sensu Miall 

1983,1985). This is important for the accurate identification of 

lithofacies and their spatial relationships, and their subsequent 
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interpretation in terms of process and environment. 

A potential disadvantage of the exclusive use of pre-existing 
exposures is that the choice of sampling locations is constrained by 

the distribution of sections rather than the requirements of 
experimental design. However, in practice this did not prove a 
serious problem, because in many parts of the Cuillin Hills sections 
through moraines are abundant, due to the presence of deeply-incised 

streams and recently-excavated road cuttings and borrow pits. 
Footpath and slope-failure scars provided additional opportunities to 

examine sections in moraines. The absence of deep sections through 

moraines did present a problem in some areas, but this could not be 

remedied without recourse to the use of excavating equipment. 

The choice of sections for study was made after a thorough 

reconnaissance of each of the study areas. From the large number of 
available exposures, study sites were selected on the basis of size, 
clarity, and the range of visible sedimentary detail. Brief notes were 
made of all sections that were discovered in the study areas, allowing 
extrapolation of the results of the detailed logs. 

For each of the sections chosen for detailed study, annotated 
measured drawings were made in the field. The drawings, 

reproduced in Chapters 5,6 and 7, portray the true-scale, 
two-dimensional arrangement of the lithofacies exposed in each 
section. The use of two-dimensional logs overcomes many of the 
difficulties imposed by vertical profile analysis, and facilitates 

environmental reconstruction (Miall 1985; Benn and Dawson 1987). 

In addition, the section drawings provided a sampling framework for 

the studies of clast shape and lithology (Sections 4.4.4 and 4.4.5 below). 

Lithofacies were identified in the field on the basis of sediment 

texture and sorting, and internal structures (cf. Reading 1986). 

Particular attention was paid to modal grain size, the presence or 
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absence of grading, and the geometry of internal structures such as 
cross-bedding, failure surfaces and deformation structures. For most 
exposures, matrix grain-size was assessed in the field because it was 
felt that for present purposes the widepread use of time-consuming 
particle-size analyses was not justified. Particle-size analyses were, 
however, made of matrix samples taken from two of the western 
corries in the Black Cuillin, as part of an investigation into the role of 
subglacial processes in sediment transfer (see Section 4.4.6 below). 

The nature of the contacts (bounding surfaces) between lithofacies 

was noted. Gradational, sharply-conformable, erosional and 
deformational bounding surfaces each convey important information 

concerning changes in depositional conditions, and often provide 
valuable environmental information (Miall 1983; Benn and Dawson 
1987). The section drawings were also used to record the 
characteristics of large-scale syn- and post-depositional deformation 

structures affecting more than one lithofacies. Such structures (eg. 

normal or reverse faults, folds and collapse structures) can be used to 
reconstruct former ice behaviour, such as the melt of stagnant ice 
cores or the advance of ice over pre-existing sediments. 

The lithofacies and sedimentary structures recorded in the 
measured section drawings were interpreted in terms of depositional, 

erosional and deformational processes using multiple criteria, with 
reference to modern analogues (see Section 3.3.5). Recurrent 

associations of lithofacies and structures were noted, and interpreted 
in terms of depositional environments. In the majority of cases, a 
very close correspondence was apparent between lithofacies and 
associations noted in the field and those described from modern 
glacial environments. It was not found necessary to invoke the action 
of depositional processes for which no modern parallel is known. 

The symbols used in the section drawings are shown in Figure 4.9. 
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4.4.4 Clast lithological analysis 

Clast lithological analysis was employed to investigate the patterns 
of debris provenance and transport in a number of the study basins. 
Samples of clasts were taken from numerous sites in the study areas, 
and their lithology determined with reference to control material. 
Two classes of material were collected: (1) boulders (>0.3m) exposed at 
the ground surface, and (2) subsurface clasts taken from sediment 
exposures or sampling pits. In the latter case, each sample was taken 
from a single lithofacies, in order to determine the internal 
lithological variability of the sediments. 

Sampling from individual lithofacies places restrictions on the 

number of clasts in each sample and on the choice of particle sizes to 
be included. These restrictions are significant. Bridgland (1986) has 

shown that the proportions of lithologies in clast samples can show a 
strong dependence on particle size, partially due to the contrasting 
material properties of different rocks. For example, rocks that have 

closely-spaced discontinuites tend, upon weathering and erosion, to 

yield small clasts. As a result, clasts of such rocks may be 

under-represented in samples that fortuitously consist mainly of 
large material. Bridgland (1986, p. 18) recommended that the size 
range of samples should be no greater that 0.5 to 1 phi intervals. For 

practical reasons this recommendation could not be followed in the 

present study. The limited area of outcrop and generally poor sorting 

of many of the lithofacies in the study areas meant that narrow 

sampling intervals yielded too few clasts for study. By trial a realistic 

compromise was found. The sampling interval was set at 3, cm - 25 

cm (c. -50 to -80; 3 phi intervals), and the sample size at 25 clasts. 
These choices had the practical advantages that samples could be 

collected and assessed relatively rapidly, and that the results were 
found to be reproducible between very acceptable limits. A sample 

size of 25 was also used for the boulder data. The samples of boulders 

and subsurface material (pebbles-cobbles) were regarded as parts of 
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distinct populations and were analysed separately. 

Control material to aid the identification of clast lithology was 
collected from all of the major rock types in the study areas. The 

control material was broken directly from bedrock outcrops, and care 
was taken to examine fresh, unweathered faces. Each clast in the 
boulder and pebble-cobble samples was broken with a hammer and 
the fresh surface compared with the control material. In general, the 
bedrock lithologies in the study basis are sufficiently distinct to allow 
ready identification. In problematic cases, unidentified clasts were 
retained until comparable parent material could be located. 

The location of sample points in the field was neither regular nor 
random, but was chosen according to the distribution of identifiable 
debris source areas and the pattern of former ice flow in the basins. 
This flexible sampling design enabled research effort to be 

concentrated in the areas where the most useful results could be 

obtained. The data have been presented graphically in a series of 
maps in Chapters 5,6 and 7. 

4.4.5 Clast shape analysis 

Chapter 3 showed that the weathering, erosional and transport 
history of glacially-transported debris can, in part, be reconstructed 
through the study of clast shape characteristics. Glacial debris 

transport constitutes the dynamic link between the supply of 

sediment and its final release from glacier ice, and as such forms an 
important part of the present study. In particular, the relative 
importance of active and passive modes of glacial transport are of 
fundamental interest. 

Several methods of classifying clast shape characteristics have been 

proposed. The classification used here follows Barrett (1980), who 
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ordered clast shape characteristics in a three-fold hierarchy of form, 

roundness and surface texture, defined as follows. 

'Form, the first order property, reflects variations in the 

proportions of the particle; roundness, the second order 

property, reflects variations at the corners, that is, variations 

superimposed on form. Surface texture, the third order effect, 
is superimposed on the corners, and is also a property of the 

particle surfaces between the corners' (1980, pp. 292-293). 

Previous studies have shown that the mode of glacial transport can 
affect all three properties in different ways (Sections 3.3.3 and 3.3.4 

above). 

In the present study, clast characteristics were determined for 

samples excavated from sediment exposures or shallow pits dug in 

moraine crests. The data were interpreted with reference to control 
samples of known weathering and transport history: (1) 

periglacially-weathered clasts; (2) clasts from lodgement tills; and (3) 
fluvially-transported clasts. Where possible each, sample, consisted of 
50 clasts, for which measurements were made of form and 
roundness. In addition, for some of the samples, assessments were 
made of surface texture. The size range sampled was 3 cm to 12.5 cm 
(c. -5 to -70; two phi intervals). Variations in clast characteristics 
within this size range were found to be insignificant. Details of the 

sampling procedure and the characteristics of the control samples are 

given in the following paragraphs. 

Form 
Quantification of clast form was based on field measurement of the 

long, intermediate and short (a, b and c) axes of each clast to the 

nearest 5 mm. Several indices of clast form are in use (Barrett 1980). 

In this study, the procedure of Ballantyne (1982) is used, in which 

clast form is defined with reference to three basic forms: 
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(1) blocky or equidimensional clasts, with high b: a and ca axial ratios; 
(2) slabby or platy clasts (b: a high, ca low); and 
(3) elongate clatsts (b: a low, ca low) 

(Ballantyne 1982, p. 105). 

These three end members can be used to define the apices of ternary 
diagrams on which can be plotted the c: a and b: a axial ratios of each 
clast in a sample (Fig. 4.11). 

Ballantyne found that for samples from different periglacial and 
glacial environments in Norway, aggregate form characteristics could 
be readily differentiated by calculating the percentage of clasts in the 
sample with c: a values <0.4. High percentages denote samples with 
low proportions of 'blocky' clasts. For brevity, in the present thesis 
the index will be termed the C40 index. 

The procedure used by Ballantyne is based upon earlier work, such 
as that of Sneed and Folk (1958). Ballantyne's approach has the 
principal advantages of logical simplicity and ease of application, and 
has proven successful in prior studies of glacial clast transport (eg. 
Vere 1986; Vere and Benn 1989). 

Roundness 
Clast roundness was assessed using an ordinal classification scheme. 

An ordinal procedure obviates the need for time-consuming 
measurements of the radii of curvature of clast edges (eg. Shakesby 
1989), a method that was not practical in the time limits imposed by 
the present study. Clasts were allotted to one of five categories with 
reference to verbal descriptive standards. Such descriptive standards 
have been proposed independently by a number of workers (eg. Olsen 
1983). The set used in the present study was devised by 

C. K. Ballantyne: 
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Very Angular. sharp delicate protruberances or very acute edges 
Angular: unworn edges, but no sharp edges 
Sub-angular: rounded edges, but unworn faces 
Sub-rounded: worn, convex faces 
Rounded: edges marginally distinguishable from rounded faces. 

Verbal descriptive standards were preferred to the use of visual 
images (eg. Powers 1953) principally because miscategorisation of 
clasts is less likely. 

The principal objective of clast roundness analysis was to detect 
former episodes of edge-rounding. Accordingly, the descriptive 

standards were applied to the most rounded area or areas of each 
clast in the samples. The roundness characteristics of the moraine 
and control samples are presented in a series of histograms. In 

addition, each sample has been represented by a summary index. The 

use of 'mean roundness' statistics (eg. Matthews and Petch 1982; 
Matthews 1987) was rejected, due to the logical difficulty - of 
converting ordinal data into rational form. The roundness index that 
was adopted is: 

RA =% of the sample that is Angular or Very Angular. 

This index, which is of the same form as the Ballantyne C40 index, 

broadly identifies the percentage of clasts in a sample that apparently 
has not been modified by edge-rounding processes. 

Surface texture 
Although surface texture has frequently been used in scanning 

electron microscope studies of sand and silt grains, the systematic 
study of meso-scale textural characteristics of coarser particles has 
been neglected. An important exception to this has been observations 

of the presence or absence of striations on glacially-transported clasts 
(eg. Sharp 1982a). An exploratory attempt to classify clast surface 
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textures was incorporated in the present study. The classification was 
designed to evaluate the effects of weathering and abrasive processes, 

and employed a set of four descriptive standards, similar to those 

used in the classification of clast roundness. 

Granular: roughness similar to that of a freshly-broken surface 
Smoothed: roughness less than that of a freshly-broken surface 
Weathered: roughness greater than that of a freshly-broken surface 
Striated: smooth surface marked by striae. 

The technique proved difficult to apply to clasts extracted from 

diamictons, particularly when wet, due to the obscuring effect of 

matrix adhesion. It was felt that the results did not justify the 

widespread use of the method, because for present purposes the use 

of form and roundness measurements was found to be sufficiently 

powerful. However, some interesting results emerged (see below), 

and in more detailed studies of clast evolution, carefully-designed 
analysis of surface texture may yield valuable supplementary 
information. 

The control data 
Control data for clast shape analysis were collected from: 

(1) periglacially-weathered material on scree slopes; 
(2) subglacially-deposited clasts from lodgement tills; 
(3) fluvially-transported clasts. 

The scree material was sampled from sites that were probable 

extraglacial debris sources during the Loch Lomond Stadial. Samples 

were taken of epigranite clasts from the Eastern and Western Red 

Hills Centres, and gabbro (sensu lato) clasts from the Cuillin 

Complex (Figs. 4.10,4.11). Preliminary studies showed that scree 

material from different generations of epigranites had closely similar 

shape characteristics and could be regarded as a single population. In 



113 

cases where deviations from this generalisation were apparent, 
additional samples were taken; these are discussed in Chapter 5. 

Clasts from lodgement tills were sampled from exposures in the 

vicinity of Lochs Sligachan and Slapin. The lodgement tills were 
identified on the basis of a range of sedimentary structures indicative 

of subglacial shear and deposition (see Section 3.3.5). The tills are 

matrix-supported diamictons with a pronounced fissility. 

Sub-horizontal joints are particularly prominent, some of which are 

slickensided. Clasts in the tills are commonly of 'stoss-and-lee' form, 

and display a strong preferred orientation parallel to former glacier 
flow. Imbricated clusters of lodged clasts are not uncommon. Other 

structures include streaks and smudges of soft sediment, and elongate 
trains of fragments of fissile clasts. In places in the Loch Sligachan 

area, the tills can be seen to overlie sheared glaciolacustrine silts and 

sands. To ensure that no contamination of the samples occurred, 

clasts were removed directly from clean exposures in the tills. Gabbro 

and epigranite clasts were sampled (Figs. 4.12,4.13). 

On Skye, it is extremely difficult to identify clasts that have 

undergone solely fluvial transport, due to the history of glaciation on 
the island. It is probable that most of the bedload of the rivers that 
drain the Cuillin Hills is derived from glacigenic sediments, and 
therefore the transport history of the material is likely to have been 

complex. However, one site was discovered where fluvial processes 
appear to have been the sole agent of clast transport: the valley of the 
Allt Daraich, north of Loch Ainort (Fig. 4.10). The Allt Daraich is a 

steep stream, c. 1 km long, that drains an area that was last glaciated 
during the Dimlington Stadial. The upper part of the catchment is 

largely drift-free, and is underlain by epigranite, while the lower 

reaches of the stream occupy a steep-sided gorge cut in Torridon 

Sandstone. The river flows approximately south to north, almost at 
90o to the last ice flow direction (Fig. 4.4). At one point (A, Fig. 4.10), 

the river is overlooked by a 10 - 15m high free face of epigranite, 
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below which talus descends to the water. The majority of the 
epigranite clasts in the gorge probably originated from the talus. Four 
samples of 50 epigranite clasts were taken from the gorge section of 
the Allt Daraich at c. 200m intervals. 

The scree, lodgement till and fluvially-transported material have 
distinct characteristics (Figs. 4.11 to 4.15). The scree and lodgement till 
samples have signatures similar to those established in earlier studies 
of crystalline clasts (eg. Boulton 1978; Ballantyne 1982; Matthews and 
Petch 1982; Vere 1986; Vere and Benn 1989). The aggregate 
characteristics of the samples are summarised in Figure 4.16, in which 
for each sample the C40 indices are graphed against the RA indices. 

The diagrams show that the samples occupy three distict fields. 

The scree material is typically 'slabby' and 'angular', most probably 
as the result of macrogelivation processes acting upon 
anisotropically- jointed bedrock. The few sub-rounded and rounded 
clasts in the scree samples tend to have a rough, weathered texture 
(Fig. 4.11), and therefore edge-rounding is thought to have resulted 
from granular disintegration during microgelivation. 

The lodgement till material is 'blockier' and more 'rounded' than 
the scree samples. Ballantyne (1982) suggested that the contrast in 
aggregate form characteristics between subglacially-transported and 
periglacially-weathered clasts reflects differences in joint-spacing in 
the parent materal, '... possibly because the formation of closely-spaced 
dilation joints parallel to the ground surface is inhibited [subglacially] 
by the weight of the overlying ice' (p. 111). An alternative hypothesis 
is that the subglacial material had, prior to modification, aggregate 
form characteristics similar to those of the scree material and that 
during subglacial transport, 'blockiness' was increased by preferential 
fracture across the clast a-axes. 

The results of the present study indicate that both factors were 
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important. Evidence that clasts derived from areas that were covered 
by ice during the Loch Lomond Stadial are 'blockier' than those 
derived by subaerial periglacial weathering is presented in Chapter 5 

and summarised in Figure 8.2. In addition, an experiment was 
conducted that tends to suggest that the high 'blockiness' of the 
lodgement till samples is at least partly the result of preferential 
fracture during transport. For a sample of 112 clasts from lodgement 

tills around Loch Slapin, note was made of. (1) surface texture; and (2) 
the positions of granular, unsmoothed surfaces. The textural data 

show that edge-rounding is typically associated with smoothed or 
striated surfaces, and is interpreted as the product of subglacial 
abrasion. The characteristics of the granular, unsmoothed surfaces 
and their position with respect to the adjacent abraded clast facets, 

suggest that in most cases they reflect fracture during glacial transport, 

rather than the survival of original clast surfaces. Fracture position 
was recorded by noting which of the principal planes of the clast (ab, 

ac, bc) was most closely parallel to the fracture surface (Fig. 4.17). The 
distribution of fracture surfaces is: 

ab 33% 

ac 26.8% 
bc 40.2% n=112. 

The most common fractures are those that parallel the be planes 
and therefore intersect the clast a-axes. It is highly probable that the 

majority of these fractures represent a shortening of the clast a-axes 
and a consequent reduction in c: a and Na axial ratios. The influence 

of ab and ac fractures on c: a and b: a axial ratios cannot be determined, 

because clast fracture may result in major reorientation of the axes of 
the clast. However, the data indicate that a-axis fracture may be an 
important mechanism in the evolution of the aggregate form 

characteristics of subglacially-transported clasts. 

On Figure 4.15, the data points representing fluvially-transported 
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clast samples form an evolutionary sequence in which form 

characteristics remain essentially constant while roundness increases 

rapidly. Examination of the clasts in the field showed that in the 
'upstream' samples (EGF-1 and EGF-2, Figs. 4.10,4.15,4.16), the edges 
of clasts, although sharp, are typically chipped and broken, 

presumably as the result of inter-particle collisions during periods of 
high discharge. It is thought that downstream edge-rounding resulted 
from the aggregate effects of this process during clast transport. Over 

the reach that was studied, fluvial transport appears to have had no 
effect on aggregate clast form. This pattern has been noted by other 
workers (eg. Krumbein 1941; Sneed and Folk 1958) and may be typical 

of clast evolution in flowing water. Therefore, although the present 
data are limited, they may approximate the effects on talus material of 
limited glaciofluvial transport. Further studies in currently glaciated 

areas are necessary to test this idea. 

The scree, lodgement till, and fluvial control samples provide 
reference points for the interpretation of samples taken from 

glacigenic deposits of unknown transport history. The characteristics 
of the moraine clast -samples are described and interpreted in 
Chapters 5,6 and 7. 

4.4.6 Particle-size analysis 

Matrix particle-size analyses were conducted using a combination of 

wet sieving and sedimentation methods (8mm - 63µm and <63 gm 
fractions respectively). All samples were taken from single lithofacies, 

which placed restrictions on the weight of material that could be 

obtained. The samples varied in size between 49 g and 119 g dry 

weight (mean = 84 g). Because the samples were smaller than is 

recommended (Briggs 1977), great care was taken during handling 

and weighing to avoid the loss of any material. Sieve sizes of 2mm, 

1mm, 500gm, 250µm, 125µm and 63µm were used. 
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The fractions finer than 63µm were analysed using subsamples of 
15g, suspended in 490 ml of de-ionised water and 10 ml of 5% sodium 
hexametaphospate solution. The liquid was held at 250 C in a constant 
temperature bath, and 10 ml samples were taken from a 10 cm depth 

at 4 minutes 5 seconds; 46 minutes; and 7 hours 12 minutes after 
cessation of vigorous stirring. These times correspond to particle sizes 
of 20 gm, 6 gm and 2µm. The samples were evaporated and 
weighed, allowance being made for the dispersing agent. 

All fractions were weighed on a Mettler H80 balance. The results 
were recorded to the nearest 0.0001 g, and converted to percentages of 
the whole sample. For each sample, the 0 graphic mean and 0 

graphic standard deviation were calculated from the following 
formulae: 

0 mean = (090+080+070+060+050+040+030+020+010) 

9 

TÖsorting =(fö90+fö80+Q170-030-Q120-fö10) 
5.3 

(Briggs 1977). 

The results of the analyses are presented in Chapter 7. 

4.5 Summary 

This chapter has described the physical and methodological 
background for the detailed case studies of Scottish Lateglacial 

moraines that form the subject of the following three chapters. The 

aim of the case studies is to reconstruct the patterns of glacial debris 

provenance, transport and deposition in a number of contrasting 
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areas, and to investigate the relative importance of controlling 
variables on moraine formation. An understanding of the controls 
on glacial sedimentation is an important step in the development of 
comprehensive models of glacial landscape evolution in Scotland 

and elsewhere. 

Three groups of study areas in the Cuillin Hills of central Skye have 
been chosen for detailed study. The recent glacial history of the area 
has been firmly established, the geology and topography are 
favourable to comparative studies of basin-scale controls on moraine 
genesis, and abundant good sediment exposures allow investigation 

of the internal composition and structure of a variety of moraine 
forms. 

The principal methods that are employed in the case studies are 
detailed mapping of moraine distribution and pattern, lithofacies 

logging, and analysis of clast shape and lithology. These methods are 
used in conjunction with data on former glacier configuration and 
basin chatacteristics to derive summary models of moraine genesis. 
The following chapters deal with the case studies in turn. 
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Fig. 4.4 Patterns of ice-sheet flow on Skye according to Harker (1901). 

Mapping by Ballantyne (1990a) indicates that the flow pattern in 

northern Skye is incorrect. The pattern in central Skye has been 

confirmed by recent work. 

Fig. 4.5 The Loch Lomond Readvance in south-central Skye according to 
Charlesworth (1956). 
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Ballantyne (1989a). 
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Fig. 4.11 Clast form and roundness data for the epigranite scree 
control material. 

Fig. 4.12 Clast form and roundness data for the epigranite 
lodgement till control material. 
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Fig. 4.14 Clast form and roundness data for the gabbro 
lodgement till control data. 
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Fig. 4.15 Clast form and roundness data for the epigranite 
fluvial control material. 
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Fig. 4.16 

Co-plots of clast form 
(C40) and roundness 
(RA) indices for the 

epigranite and gabbro 
control material. 

Fig. 4.17 

Definition sketch of 
the principal axes 
(A, B, C) and planes 
(ac, ab, bc) of a clast. 
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Chapter Five 

Eastern Transection Complex: North 

5.1 Topography and geology 

During the Loch Lomond Readvance, the northern part of the 

eastern transection complex occupied a broad, irregular system of 
valleys bounded to the west, south and south-east by an arcuate rim 
of hills. The northern and eastern limits of the basin are delimited by 

the present coast. The area so defined (Fig. 5.1) has an area of c. 37 
km2, over 80% of which lies below 300 m. Higher ground is confined 
to a relatively narrow belt adjacent to the watershed. 

The highest point on the watershed is the summit of Garbh-bheinn 
(806m). Garbh-bheinn and its neighbour Belig (702m) are northern 
outliers of the Bla'bheinn group and are composed of eucrites of the 
Cuillin Complex, extrusive basalts and agglomerates (Fig. 5.2). The 

massive character of these resistant rocks has permitted the 
development of steep free faces on the backwalls of two north-east 
facing perched corries (Fig. 5.1). Immature talus slopes in both corries 
record rockfall from the backwalls during the Holocene. Striated 
bedrock occurs on the floor of the corries, and clear trimlines allow 
the upper limit of subglacial erosion to be determined to within 10m 
in many places. The trimlines mark the apparent upper limit of the 
Loch Lomond Readvance glaciers in the corries, and show that the 
hills stood as nunataks above the ice surface. No higher trimlines are 

evident on Garbh-bheinn or Belig (cf. Ballantyne 1990a), and it is not 
known whether the summits stood clear of glacier ice at the 
Dimlington Stadial glacial maximum. A minimum surface altitude 
for the last ice sheet can be placed at 650m, from the presence on the 

north ridge of Garbh-bheinn of soliflucted diamictons containing 
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abraded clasts. 

Glas Bheinn Mhör (570m), to the north of Belig, is underlain by a 
closely-jointed epigranite assigned to the Eastern Red Hills Centre. 
Rock walls are absent, and the slopes are generally rectilinear in form. 
The lower slopes are mantled by a vegetated cover of dissected drift, 

which locally attains 5m in thickness. Unvegetated screes and 
sediment-gravity flows cover the upper slopes of the hill. 

West of Garbh-bheinn the ground descends to a broad col at 323m, 
beyond which rises Marsco (736m). Marsco has a bold conical form 
developed on epigranites of the Western Red Hills Centre. Steep free 
faces occur in places, particularly on the outcrop of the Marsco 

epigranite, a coarse-grained, massively-jointed rock containing 
distinctive blue feldspars. Less impressive rock walls bound a small 
corrie below the summit, where a coarse-grained facies of the grey 
Glamaig epigranite crops out (Fig. 5.2). 

The lowest point on the watershed lies north-east of Marsco, on the 
broad col of the Mam a' Phobuill (c. 275m). North of the col, the 

ground rises to the conical hills of Beinn Dearg Mheadhonach (651m) 

and Beinn Dearg Mhör (731m). The Beinn Dearg Mhör epigranite 
that underlies both hills has spatially variable lithological and 
structural characteristics, but is generally closely jointed and has 

yielded abundant coarse clastic debris. The upper slopes are covered 
by scree and sediment-gravity flows, some of which record recent 
slope activity. Discontinuous and slabby bedrock outcrops are not 
uncommon on the higher ground, and free faces and talus slopes 

occur on the backwalls of two incipient corries on the east-facing 
slopes of the hills. 

The morphology of the north-facing debris slope in the corrie below 

the summit of Beinn Dearg Mheadhonach is of particular interest 
(Fig. 5.3). The upper part of the slope consists of a discontinuous free 
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face, below which talus descends for 150-200m to the sloping corrie 
floor. The talus has a marked basal concavity, and the gradient 
declines from c. 350 to 100. Parallel to the base of the talus is a low (c. 

1m), vegetated rampart of bouldery debris. The rampart is 40m long 

and has a gentle distal slope and a steeper proximal slope scalloped by 

several shallow re-entrants. The morphology of the rampart is 

atypical of protalus ramparts, which tend to have gentle proximal 

slopes and steep distal slopes (Ballantyne and Kirkbride 1986; 

Ballantyne 1987). The morphology of the rampart and the concavity 

of the superjacent talus slope indicate that an origin as a snow 

avalanche impact form is more probable (Ballantyne 1989b, and refs. 
therein). The Beinn Dearg rampart is inactive, but its presence 

suggests that snow avalanching may have been an important agent of 
debris transfer earlier in the Holocene and, by inference, during the 

Lateglacial. 

The northernmost of the high hills on the watershed is Glamaig 

(775m). The eastern part of the hill is composed of Glamaig epigranite 

that has weathered into rectilinear debris slopes similar to those on 
Glas Bheinn Mhör (Fig. 5.4). To the west, the roof zone of the 

epigranite mass is exposed, above which extrusive basalts crop out. In 

places, the basalts support terraced free faces, below which descend 

Richter slopes and dissected sediment-gravity flow deposits. 

Trimlines are not well preserved on Glamaig or the Beinn Dearg 

group due to the high activity of the slopes. However, the 

distribution and characteristics of the sediment-gravity flows suggests 

they are probably paraglacial deposits, the upper limit of which may 

mark the approximate Loch Lomond Readvance ice limit (Fig. 5.4). 

To the east of Glamaig lies the Mol peninsula, a tract of ice-scoured 

upland that rises to a maximum altitude of 284m (Fig. 5.1). The 

peninsula has a complex geology that is reflected in minor relief 

elements superimposed on the general mammilated form of the 

ground. Bedrock is extensively exposed, and drift cover is generally 
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thin and patchy except in the deeper declivities. Much of the Mol 

peninsula was not glaciated during the Loch Lomond Stadial, and 
carries evidence of earlier (particularly Dimlington Stadial) glaciation. 
Ice flow from the Scottish mainland is recorded by roches 
moutonnees oriented to the north-west and by rare striae (Fig. 5.1). 
The lithology of erratic boulders on the peninsula shows that 

mainland ice was confluent with ice flowing from the vicinity of 
Marsco and Garbh-bheinn. 

A2 km long north-east trending valley, Coire Mör, is incised into 

the Mol peninsula. The lower section of Coire Mör has an 

asymmetric V-shaped cross profile, the south-facing slopes being the 

steeper. The south-facing slopes parallel the strong planar cleavage in 

the underlying rock, a brittle, flinty porphyritic felsite. The 

north-facing slopes of Coire Mör are underlain by Loch Ainort 

epigranite. This rock is highly variable, and in hand specimen can be 

indistinguishable from the Beinn Dearg Mhör epigranites. In 

consequence, unless clear grounds exist for their distinction, the two 

rock-types are grouped together in this chapter as Beinn Deag/Loch 

Ainort epigranite (BDLAE). In Coire Mör, the Loch Ainort epigranite 
is closely jointed and in places supports short free faces. The upper 

reach of Coire Mör rises gently to undulating moorland at c. 150m od. 

The Mol peninsula is separated from Glamaig and the Beinn Dearg 

group by Gleann Torra-mhichaig (Fig. 5.1), a flat-floored U-shaped 

trough. The head of the trough rises gently to a broad col at c. 130m 

od., close to the head of Coire Mör. The western side of the trough is 

dominated by the debris-covered slopes of Glamaig and Beinn Dearg, 

while the slopes to the east are shorter and rise to the rounded ridge 

of Druim nan Cleochd (Fig. 5.1). 

South of the Mol peninsula is a broad valley system here 

collectively termed the Loch Ainort basin. Loch Ainort itself is a 
linear arm of the sea into which drain four valleys: Coire Choinnich, 
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Coire na Seilg, Coire nam Bruadaran, and the valley of the Allt Mhic 
Mhoireinn (Fig. 5.1). With the exception of the last, the valleys merge 
in their lower reaches in a broad tract of low ground floored by Loch 
Ainort epigranite. 

A variety of moraine forms cover much of the low ground in 

Gleann Torra-mhichaig, Coire Mör and the Loch Ainort basin. 
Detailed studies of these moraines, their constituent sediments, and 
their genetic significance form the subject of the following sections. 

5.2 Gleann Torra-mhichaig 

5.2.1 Loch Lomond Readvance limits 

The eastern limit of the Loch Lomond Readvance in Gleann 

Torra-mhichaig is marked by a chain of moraine ridges c. 500m in 
length (A, Fig. 5.5). To the north the chain terminates at the edge of 

an extensive roadstone quarry at c. 30m od., while to the south the 

moraines diminish in clarity and are difficult to trace above c. 100m 

od. Above this altitude the terrain consists of irregular ice-scoured 

bedrock and patchy drift, and the limit of the readvance cannot be 

located with precision. However, topographic constraints and the 
distribution of moraines in Coire Mör (Section 5.3) allow the limit to 
be interpolated with reasonable accuracy (Fig. 4.7). From topographic 

considerations, it is clear that the crest of the spur that descends 

northwards from Druim nan Cleochd was glaciated during the Loch 

Lomond Stadial, although the precise upper limit of the ice is 

uncertain. Ballantyne (1989a) considered that the summit area of 
Druim nan Cleochd above c. 200m od. was ice free, and his 

interpretation is followed here. 

On the west side of Gleann Torra-mhichaig, the position of a 

massive double lateral moraine on the northern slopes of Glamaig 
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(B, Fig. 5.5) indicates that at the Loch Lomond Readvance maximum 
the Torra-mhichaig glacier was confluent with ice that flowed along 
the Loch Sligachan trough. The abundance of clasts of Jurassic shale 
in the moraine and in nearby roadside exposures of lodgement till 

shows that much of the debris load in the terminal area of the 
Sligachan ice tongue was derived subglacially. 

South from B (Fig. 5.5) the western margin of the Torra-mhichaig 

glacier can be delimited for over 1 km by a chain of moraine ridges. 
Where the ground steepens the character of the evidence changes, 

and the former glacier margin is marked by a pronounced drift bench 

(C, Fig. 5.5). To the south the bench becomes indeterminate, probably 

as the result of debris mobility on the slope. In this area the upper 

glacial limit is less certain, although differences in the thickness and 

character of the slope deposits allow a reasonable approximation to be 

made (Figs. 4.7,5.4). 

Within the limit of the Readvance, moraine forms are widespread. 
On morphological grounds these can be subdivided into two broad 

areas: (a) the valley sides, where linear forms predominate; and (b) 

the valley floor, where linear forms are uncommon and 

non-oriented elements are typical. These are described and 
interpreted in turn below. 

5.2.2 Valley-side moraines 

Sub-parallel chains of moraines occur on both sides of Gleann 

Torra-mhichaig. The chains have consistent down-valley gradients 

and consist of sharp-crested ridges and mounds that are generally 
2-3m high on the distal (upslope) side. In places (eg. D, Fig. 5.5) the 

trend of moraine ridges is continued by valley-side benches similar to 

that interpreted as the Loch Lomond Readvance limit. Basalt 

boulders are abundant on the moraines on the west side of the valley, 
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showing that the rockwalls on the upper slopes of Glamaig were an 
important source of debris. The moraines at D occur at a similar 
altitude and have a similar gradient to a pronounced drift bench on 
the east side of the valley (E, Fig. 5.5), an association that suggests that 
D and E may be paired forms with a common origin. Linear moraine 
forms also occur above c. 100m od., close to the col at the head of the 
valley where they trend normal to the valley axis (I, Fig. 5.5). 

Three hypotheses may be invoked to account for the linear patterns 
in the moraines. First, the ridges and benches may be closely-spaced 
ice-marginal moraines resulting from debris accumulation and/or 
deformation adjacent to a retreating, but active glacier (cf. Chinn 
1983). Second, the pattern may record deposition controlled by 

crevasse patterns or debris distribution in a stagnating ice mass (cf. 
Gravenor and Kupsch 1959; Boulton 1972a). Finally, at least some of 
the moraine forms may be interpreted as residual drift ridges 
separated by oblique meltwater channels. Under this interpretation, 
the oblique downvalley gradient of the 'channels' would indicate 
formation by either (a) subglacial meltwater prior to deglaciation (cf. 
Sissons 1960,1974c); or (b) formation by ice-marginal streams. An 
opportunity to discriminate between these hypotheses is provided by 

extensive roadside sediment exposures along the east side of the 
valley, which allow the provenance and mode of deposition of the 
material to be determined in detail. No sediment exposures were 
available for study on the west side of the valley. 

The most important exposure is TM-3 (Figs. 5.5,5.6). At this site a 
thickness of up to 2m of interbedded gravels, diamictons and rock 
slabs are exposed in a continuous section over 20m long. The 
diamicton units are lensate in form and are variably clast- and 
matrix-supported. The matrix-supported diamictons commonly have 

a pronounced sub-horizontal fissility, particularly at the base of units 
and in the vicinity of large clasts. The gravel units are of two types: (1) 
irregular pods of poorly-sorted openwork gravels that occur in 
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association with the diamicton units; and (2) bedded well-sorted 
granule to cobble gravels that occupy a concave-up lens in the upper 
part of the exposure. 

Bedrock slabs up to 3m in length occur interbedded between 
diamicton units. The blocks are of a blue-grey fine-grained chill facies 

of the Glamaig epigranite that crops out locally and on the slopes 
above the exposure. Partial disaggregation of the well-jointed blocks 
has occurred at the lateral margins. The blocks are in conformable, 
non-erosional and undeformed relationship with the underlying 
beds. 

The geometry and internal characteristics of the matrix-supported 
diamicton units are typical of sediment-gravity flows. The 

sub-horizontal fissility in the units is interpreted as the result of shear 
deformation during flow (cf. Rodine and Johnson 1976). An origin by 

mass-movement is also likely for the coarser diamicton units and the 
poorly-sorted openwork gravels. Variations in the properties of the 
units are probably the result of variations in the granulometry of the 
source material, initial water content, and the precise mode of 
deposition (cf. Lawson 1979b). The well-sorted gravels represent the 
'cut and fill' of a downslope-oriented channel, showing that fluvial 

activity periodically interrupted mass-movement events. The 

stratigraphic relationship of the bedrock blocks to the underlying 
sediment indicates that they are landslipped masses of local material. 

A striking feature of the diamicton and gravel units is a marked 
compositional stratification (Fig. 5.6). Most of the units are composed 
of the local Glamaig epigranite, although some units are composed 
entirely of the Beinn Dearg epigranite that underlies a large area 
upvalley. The contact between the two rock types trends across the 

axis of the valley and lies c. 80m upvalley from TM-3. The clasts in 

the exposure thus consist of local material in addition to a smaller 
quantity of glacially-transported debris from an unknown distance 
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upvalley. The lack of depositional mixing of the material suggests 
that the debris was released penecontemporaneously from discrete 
sources, and that subsequent reworking did not occur. This suggests 
that the Beinn Dearg epigranite material was released directly from 
glacier ice. 

The characteristics of two samples of Glamaig epigranite clasts were 
examined (Fig. 5.7). Both samples contain large proportions of 
angular material, indicative of negligible edge-rounding following 
release from bedrock. The high proportion of 'blocky' material in the 
samples could reflect either the joint distribution in the parent 
material or a-axis fracture during transport. It is uncertain whether 
the material was deposited directly from the local slope or if it 
underwent limited glacial transport prior to deposition. The presence 
of the landslipped blocks suggests that at least part of the sediment 
was deposited directly from the valley side. 

The section therefore records subaerial mass-movement and fluvial 
activity at a glacier margin. Slope failures occurred during 
deglaciation, and debris was derived from both the deglaciated valley 
side and glacier ice. There is no evidence of subsequent glacigenic 
deformation. 

Extensive sections south of TM-3 provide evidence that such 
depositional conditions were widespread along the east side of 
Gleann Torra-mhichaig. Further evidence for landslipping, adjacent 
to glacier ice exists at TM-4 (Fig. 5.8). In this section, two rock rafts are 
exposed, the lower of which is 5m in length and 1.5m thick. Both rafts 
are partially disaggregated at the lateral margins and are conformably 
interbedded with stratified matrix-supported diamictons. The blocks 

are of Beinn Dearg epigranite and have lithological and structural 
characteristics similar to those of the underlying bedrock. The 

adjacent diamicton units contain fissile structures similar to those in 
TM-3. Several of the diamicton units have basal clast concentrations 
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and in one place an erosional basal contact is evident. The diamictons 

are interptreted as sediment-gravity flows. Basal last concentrations 
have been described from such deposits by Lawson (1988) who 
attributed them to "... material transported as bedload by traction in 
the lowermost part of the flow", (p. 159). 

The characteristics of clasts from the diamicton unit immediately 

subjacent to the lower raft (TM-4b) are closely similar to those of 
fragments removed by hand from the raft itself (TM-4a; Fig. 5.7). Both 

samples have low C40 indices and are dominantly angular, and it is 

inferred that the clasts in the diamicton unit were derived by 
disaggregation of slipped blocks or a similar bedrock source. Very 
little transportational modification occurred. By contrast, clasts from 

the diamicton unit above the upper block show evidence of glacial 
modification in the form of edge rounding (TM-4c, Fig. 5.7), and a 
glacigenic source for this unit is probable. The depositional 

environment inferred from TM-4 is thus similar to that described for 
TM-3, and is characterised by a combination of mass movements 
from the valley side and the resedimentation of glacially-transported 
debris. 

The evidence from TM-3 and TM-4 demonstrates that the linear 

patterns in the valley-side landforms are not the result of subglacial 
meltwater erosion. The exposed sediments were deposited 

subaerially, and there is no evidence of subsequent glacial 
over-riding. Therefore it can be concluded that the sediments do not 
predate the subglacial meltwater system of the Torra-mhichaig 

glacier. The landforms are constructional and relate to deglaciation. 

It is also possible, on morphological and sedimentological grounds, 
to reject the hypothesis that the moraines are the result of controlled 
ice stagnation. Observation and theory show that the typical pattern 
of marginal crevasses in valley glaciers is a series of incomplete 

chevrons oriented upglacier (Nye 1952; R. P. Sharp 1988). However, the 
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pattern of moraine ridges in Gleann Torra-mhichaig suggests 
fragmentary chevrons oriented downglacier.. Without exception, all 
of the moraine chains conform to this pattern. It is therefore 
extremely unlikely that the moraines are infilled crevasses. 
Furthermore, the origin and mode of deposition of much of the 
sediment exposed in TM-3 and TM-4 shows that the moraine pattern 
reflects the availability of sediment on the valley sides, and not the 
distribution of englacial debris bands. 

The most probable explanation for the moraine pattern in Gleann 
Torra-mhichaig is that the moraines formed in ice-marginal 

positions, and that they mark successive retreat positions of the 

glacier. No glaciotectonic structures were observed in sediment 
exposures, and the extent to which ice push contributed to moraine 
formation is uncertain. Ice-marginal streams may have served to 

accentuate the relief of some moraines. 

5.2.3 Valley-floor moraines 

A large proportion of the low ground is occupied by moraines. 
Moraine-free areas are limited to (a) fluvial or glaciofluvial terraces 
adjacent to the Torra- mhichaig river, and (b) the tributary valley 
occupied by the Allt Beallach Bhric (west of A, Fig. 5.5). The absence of 
moraines in the latter area is probably partly due to the presence of 
the spur between the Beallach Bhric and the main valley. The spur is 
likely to have isolated the eastern terminal area of the glacier from 

the source areas to the west and south during ice thinning and 
retreat, resulting in a relatively rapid shift of the active ice margin 
across the area. Additionally, the debris load of the ice in this area 
appears to have been slight; the slopes above the former eastern 
margin have low gradients and are bedrock floored, and evidence of 

subglacial erosion is limited to a single train of boulders (G, Fig. 5.5). 
The train consists of angular basalt boulders that extend for 200m 
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downvalley from an abrupt rock step. The lee side of the rock step is 

vertical and joint bounded, suggesting that the boulders were derived 

subglacially at the edge of a cavity. 

The moraines on the floor of Gleann Torra-mhichaig lack the linear 

pattern that is evident on the valley sides, and consist of 
non-oriented groups of ridges and hummocks. Most of the moraines 
stand 2-3m above the adjacent ground, although some attain 5m in 
height. The morphology of individual moraines is variable. The 

most common moraines are simple conical forms with 
approximately elliptical planforms, although two- and three-topped 

variants are relatively common. Maximum slope angles lie in the 

range 280 - 350. In places, mounds occur in roughly circular groups up 
to 50m across, fully or partially enclosing a central depression (eg. H, 
Fig. 5.5). Such groups are morphologically similar to the rim ridges 
described by Gravenor and Kupsch (1959), Clayton (1964) and others. 

The presence of such features suggests that sedimentation occurred 
on and adjacent to inactive glacier ice. Numerous exposures in the 
valley allow details of the sedimentary environment to be 

reconstructed. Two representative exposures are described below. 

The first, TM-1 (Figs. 5.5,5.9) reveals a 2m thickness of 
matrix-supported diamictons, sands and gravels in deformed 

relationship. The diamicton units are 0.5-2m in thickness and up to 
5m across. Most units pinch out laterally defining a lensate geometry, 
while others have deformed lateral contacts. In the latter case, the 

contacts are gradational and internal structures become indistinct. 
Basal contacts are generally conformable, although one erosional 
contact is visible in the lower right of the exposure. Basal clast 
concentrations are present in most units. Internally, the matrix 
commonly has a distinct sub-horizontal fissility, particularly within 
0.5m of the basal contacts and around large clasts, and the units are 
interpreted as sediment-gravity flows. The gravels are of two types: 
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irregular pods of poorly-sorted openwork gravels, interpreted as 
colluvial material (sensu Lawson 1979b, 1981b), and lenses of 
well-sorted gravels, interpreted as fluvial deposits. Associated with 
the latter is an erosional channel filled with horizontally-bedded 

medium sand. 

The gravels are composed entirely of coarse-grained Glamaig 

epigranite, while the diamictons contain a mixture of Glamaig 

epigranite, basalt and Beinn Dearg epigranite (Fig. 5.9). Samples of 
Glamaig (TM-1a, b) and Beinn Dearg epigranite (TM-1c) clasts 
indicate the presence of both actively- and passively-transported 
material (Fig. 5.10). TM-1a apparently consists entirely of unmodified 
clasts, while TM1-b and TM-1c contain an admixture of unmodified 
and edge-rounded clasts. The proportion of edge-rounded clasts is 

greater in TM-1c. The dominantly passively-transported gravel 
material was probably derived from the slopes of Glamaig. The lack of 
fines may reflect the coarseness of the parent material in addition to 
depositional sorting processes. The material in the diamictions has a 
mixed origin, and incorporates basally-transported material in 
addition to unmodified clasts. Silt and fine sand in the matrix of the 
diamictons are interpreted as comminution products. 

The deformation structures in the exposure consist of low 

amplitude folds and the partial destruction of internal structures at 
the lateral margins of diamicton units. The structures are interpreted 

as the result of gravitational foundering of the sediment pile due to 
the melt of adjacent or subjacent ice. 

The second exposure, TM-2, lies c. 50m south-west of TM-1 and 
shows the internal structure of a 3m high hummock (Fig. 5.11). The 
lithofacies in the exposure are closely similar to those in TM-1 and 
consist of lenses of fissile matrix-supported diamictons, 

clast-supported diamictons, pods of openwork gravels, bedded 

gravels, and bedded medium- and coarse-grained sands. The 
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sediments, which are interpreted as interbedded sediment-gravity 
flows, colluvium, and water-sorted deposits, were derived from a 
variety of source areas. A clast sample from one of the 

sediment-gravity flows consisted of 72% Glamaig epigranite in 

addition to Beinn Dearg epigranite and basalt. Samples from 

clast-supported diamicton units (colluvium) were entirely of Glamaig 

epigranite, the shape characteristics of which are indicative of 
dominantly passive transport, with minor quantities of comminuted 
clasts (TM-2a, b; Fig. 5.10). Insufficient Beinn Dearg epigranite clasts 
were available to provide a representative sample, although those 

examined were typically edge-rounded. The basalt and Glamaig 

epigranite clasts were probably derived from the slopes of Glamaig, 

while the Beinn Dearg epigranite could have originated from either 
the valley floor or valley sides. 

The structures in the exposure record a complex history of 
syndepositional deformation and reworking. The gravels, sands and 
flow deposits in the lateral parts of the exposure have dips that 

parallel the hummock surface, while the lower central portion is 
largely structureless. The contacts between the central portion and the 
flanking lithofacies are gradational and minor folds are present in 

places. The upper central part of the exposure consists of a block of 
bedded sands and gravels overlain by a massive diamicton unit. The 
lower left bounding surface of the block is a concave-up curvilinear 
failure plane, while to the right, sands have been deformed into an 
isoclinal fold. The suite of structures suggest that the hummock was 
originally ice-cored, and that the faulting, folding and destruction of 
sedimentary structures in the central part of the exposure was due to 

the melt of buried ice. 

The evidence from TM-1 and TM-2 for deposition in association 

with stagnant glacier ice is compatible with that from other minor 

sections in the area and the overall pattern of moraines on the valley 
floor. The sediment-landform assemblage of hummocks and rim 
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ridges indicates that ice stagnation and multiple reworking of debris 

were typical of the environmental conditions during the final stages 
of deglaciation of the low ground. 

It was argued in Section 5.2.2 that the moraines on the valley sides 
were formed at the margins of a retreating, but active glacier. This 

conclusion is not incompatible with the evidence for ice stagnation 
on the valley floor. Areally-restricted development of hummocky 
ice-stagnation topography is known to occur at the margins of 
modern debris-laden temperate glaciers (Eyles 1978a, 1979,1983a; 
Gordon and Birnie 1986; J. Gordon pers. comm. ). It is possible that on 
the floor of Gleann Torra-mhichaig, masses of sediment-covered ice 
became dynamically isolated from the retreating glacier, and that the 

stagnation topography developed as a diachronous assemblage during 

'active retreat'. 

5.3 Coire M6r 

5.3.1 Loch Lomond Readvance limits 

The lower part of Coire Mör contains a suite of moraine ridges and 
mounds that delimit an outlet glacier that occupied the valley, and 
terminated a short distance beyond the present coast (Fig. 5.12). Due to 
the absence of high (Lateglacial) shorelines in the area, Walker et al. 
(1988) attributed the glacier to the Loch Lomond Readvance, an 
interpretation that is followed here. The former southern margin of 
the glacier is marked by a chain of moraine ridges (A-B, Fig. 5.12). The 

chain coincides with an abrupt drift limit; the area to the south is 

largely ice-scoured bedrock with only thin, patchy debris cover. West 

from B (Fig. 5.12) the trend of the moraine chain is continued by a 
200m long train of angular boulders of Beinn Dearg/Loch Ainort 

epigranite and then by a distinct upper limit to drift cover. No 

evidence for a glacier limit exists on the steep ground at D (Fig. 5.12), 
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but a drift bench occurs at c. 200m od. on the gentle slopes above the 
col at the head of the valley. The bench can be traced round to the 
slopes above Loch Ainort, to where a line of drift benches and 
moraine ridges defines the upper limit of the outlet glacier that 
occupied that trough (Section 5.4). 

On the north side of Coire Mör, a bench marks the upper limit of 
drift cover (E, Fig. 5.12). The bench rises westwards with a gradient 
similar to that of the chain of moraine ridges on the opposite side of 
the valley, implying contemporaneity of formation. On the steep 
slopes above c. 100m od. the drift bench is discontinuous, and the 

glacier limit is difficult to locate with precision. However, it is clear 
from the trend of the bench that ice occupied the broad col west of 
Meall a' Mhaol, and was continuous with the ice tongue that flowed 
down Gleann Torra-mhichaig at the Loch Lomond Readvance 

maximum (Fig. 4.7). The principal source for the ice that occupied 
Coire Mör was the high ground between Beinn Dearg and Druim nan 
Cleochd (Ballantyne 1989a; Fig. 5.1). 

Within the Loch Lomond Readvance limits quite distinct 

assemblages of drift landforms occur on the north and south sides of 
Coire M6r. On the northern valley side, slope gradients typically lie in 
the range 200-250, and the most common drift landforms are 
valley-side benches. By contrast, on the southern valley side slopes 
are generally 100-150, and linear chains of moraine ridges and 
mounds are widespread. Each side of the valley is described in turn 
below. 

5.3.2 Northern valley side 

Below the lateral limit of the Loch Lomond Readvance glacier the 

slopes are covered by a dissected drift veneer, which locally attains 5m 
in thickness. A suite of sub-parallel valley-side benches slopes 
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obliquely downvalley across the drift cover (F, Fig. 5.12). On the 
gentler slopes (c. 150) adjacent to the river short linear moraine ridges 
occur. Cuttings beside a dirt road that traverses the valley side 
provide over 800m of almost continuous exposure of the sediments. 
Four representative sections were logged, and are described below. 

CM-1 (Figs. 5.12,5.13) exposes a 5m thickness of interbedded 

matrix-supported diamictons and imbricate gravels. The diamicton 

units occur in two forms: laterally-extensive tabular sheets 1-2m 
thick, and concave-up lenses c. 12m across and 1m thick. The 

uppermost unit in the exposure is a tabular diamicton sheet that dips 
downslope parallel to the ground surface. The unit has 

well-developed fissile shear structures at the base and in thin zones 
that rise obliquely through the full thickness of the deposit. Clast 

concentrations occur in part of the basal zone and in a thin lens that 

curves up into the body of the unit. Concave-up lenses of diamicton 

are exposed in the right-hand end of the section. Four such lenses 
form a stacked sequence with an erosional basal contact, the base of 
which dips towards the valley floor. Clast concentrations and fissile 

shear structures are typical of the basal zones of the units in the 
sequence. In the lowermost unit, the basal clast concentration 
thickens laterally to the left, where it occupies the full 1.5m thickness 
of the deposit. The stacked sequence is erosionally truncated to the 
right, where it is overlain by another concave-up diamicton lens and 
imbricate gravels. Gravels crop out as a continuous tabular sheet 
across the full width of the logged section. The gravels are well sorted, 
and grain size differences define laterally-extensive horizontal 
bedding. 

The clasts in the diamictons and gravels have a mixed composition, 
consisting almost entirely of far-travelled material. Local porphyritic 
felsite occurs, but is poorly represented. The most common clast 
lithology is Beinn Dearg/Loch Ainort epigranite (BDLAE), with 
secondary amounts of agglomerate and basalt (Fig. 5.13). The latter 
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two rock types crop out in the upper parts of Coire Mör, indicating 
that subglacial debris entrainment was at least locally important. The 

source of the BDLAE clasts is uncertain; it cannot be ascertained 
whether they were entrained subglacially or were derived from the 
extraglacial slopes to the west. The BDLAE clasts in the diamictons 

and imbricate gravels have similar shape character- istics (CM-1a, b; 

Fig. 5.14). Clast samples from both lithofacies have low C40 and RA 

indices, indicating that a large proportion of the clasts have 

undergone active glacial transport. 

The diamicton units are interpreted as sediment-gravity flows, and 
the geometry of the units reflects the morphology and development 

of each flow body. The tabular units represent laterally-extensive 

non-channelised flows. The oblique shear structures and clast 
concentrations in the uppermost unit may record successive 
positions of the boundary between deforming sediment and a rigid, 
non-deforming plug (cf. Lawson 1982,1988; Shultz 1984). The 

concave-up lenses are interpreted as the infill of channels oriented 
downslope. Characteristic of channelised sediment-gravity flows are 
marginal clast-rich levees (Johnson 1970; Lawson 1982), one of which 
appears to be represented by the lateral clast concentration in the 
lowermost unit of the main channel fill. The erosional bases of the 
channels show that sediment reworking has occurred during 

episodes of channel cutting and avulsion. The geometry and internal 

characteristics of the tabular and channelised flows probably reflects 
differences in the initial water content of the source material. Lawson 
(1982,1988) has shown that channelised flows (Types II and III) tend to 
have higher water contents and are more erosive than unconfined 
flows (Type I). The sheets of imbricate gravel record fluvial activity 
that interrupted sediment flow events. 

Although the glacial provenance of the material in the exposure is 
beyond doubt, the downslope dip of the units and their undeformed, 
conformable relationships suggest that the diamictons may not be 
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glacigenic 'flow tills'. It is more probable that the sediments are the 
products of downslope reworking episodes that followed the initial 

release of the debris from ice. 

Another example of erosive, channelised sediment- gravity flows 
interbedded with fluvial material is shown in Fig. 5.15 (CM-2). In 

contrast with the previous exposure, the sediments in CM-2 are 
compositionally stratified. For example, the uppermost diamicton 

unit contains a mixture of BDLAE, felsite, and agglomerate, while the 

subjacent unit is almost entirely composed of felsite clasts with only a 
minor component of BDLAE (Fig. 5.15). The BDLAE clasts (CM-2a) 

show evidence of subglacial edge-rounding, while the felsite material 
(CM-2b) is dominantly angular and appears to have undergone only 
minor modification following release from bedrock (Fig. 5.14). 
Therefore, debris appears to have been supplied from two distinct 

sources: glacially-modified far-travelled material and debris of more 
local provenance. The distinct compositional statification in the units 
suggests that little downslope reworking of the debris occurred during 

and following deglaciation, and much of the felsite material may 
have been deposited directly from the local slope without 
intervening glacial transport. The presence of a partially- 
disaggregated block of felsite in one of the diamicton units suggests 
that at least part of the local material was released in slope failures. 

Clear evidence for local slope failure exists 400m upvalley from 

CM-2 (CM-4, Fig. 5.16). At this site, a rafted block of felsite 18m long 

and <1.2m thick occurs within a 4m sequence of channelised 

sediment-gravity flows and horizontally-bedded gravels and sands. 
The block has joint-bounded upper and lower surfaces, is partially 
disaggregated at the lateral margins, and probably represents a slab of 

rock that moved downslope following failure along slope-parallel 

cleavage planes. The clasts in the subjacent sediment are dominantly 

of porphyritic felsite, and BDLAE only occurs in minor quantitites. 
The characteristics of two samples of felsite clasts (CM-4b, c) were 
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compared with those of fragments broken by hand from the local 
bedrock (CM-4a; Fig. 5.14). CM-4b and c have slightly lower RA indices 

and substantially lower C40 indices than the bedrock fragments. This 

is interpreted as evidence for a degree of modification following clast 
release from bedrock, principally in the form of fracture across the 
a-axes. It is noteworthy that the sampled bedrock fragments could be 

easily broken in this way by hand, and it is suggested that such 
fracture may have occurred during non-glacial, downslope transport. 

There is no evidence that the sediments exposed in CM-4 were 
deposited in association with glacier ice. Deformation structures are 
absent, and there are no landforms of probable glacigenic origin (such 

as drift benches) on the hillside above the section. It is concluded that 

slope activity and sedimentation at this site occurred after 
deglaciation. 

Taken together with other exposures on the hillside, CM-1, CM-2 

and CM-4 show that slope instability was widespread on the north 
side of Coire Mör during and following glacier retreat. Such 
instability appears to be the result of (a) the abundance of diamictic 

material; (b) the local slope gradients (200-250); and (c) the spacing and 
orientation of discontinuities in the local felsite bedrock coupled with 
the stresses induced by deglaciation. Such environmental conditions 
are typical of paraglacial sedimentation (Church and Ryder 1972), and 
are similar to those reconstructed for the sides of Gleann 

Torra-mhichaig. 

In the case of that valley it was argued that chains of valley-side 
benches and moraine ridges were ice-marginal landforms deposited 

by a retreating, but active glacier. Direct evidence for this model is 

available in Coire Mör at CM-3 (Figs. 5.12,5.17), located where the dirt 

road intersects one of the valley side benches. The constituent 
lithofacies are similar to those described from CM-1, CM-2 and CM-4, 

and consist of interbedded tabular sheets of matrix-supported 
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diamicton, massive gravels, bedded gravels and bedded sands. 
Compositional stratification is evident: some of the gravel units are 
composed entirely of angular fragments of porphyritic felsite, while 
the diamicton units tend to be dominated by glacially-abraded BDLAE 

clasts. In common with the exposures described above, the sediments 
record deposition of far-travelled and local material by 

sediment-gravity flow and fluvial processes. 

The most stiking feature of CM-3 is the suite of deformation 

structures that is exposed in the right-hand end of the section (Fig. 

5.17). The deformation structures are of two types: (a) folds, and (b) 

inclined discontinuities. The former consist of chevron folds with 

axial traces inclined 400-550 from the horizontal. The axial planes 

strike approximately normal to the axis of the valley (ie. 

north-north-west to south-south-east). The folding has affected shear 
foliae in one of the sediment-gravity flows, but is most apparent in 

the sand and gravel beds at the base of the exposure, where horizontal 

shortening by c. 33% has occurred. Two inclined discontinuities are 

exposed in the upper part of the exposure, where they form the 
bounding surfaces of a massive gravel unit. The gravel unit lacks 

coherent internal structures, although irregular clast clusters and 

sand pods can be identified. The discontinuities rise to the right 
(east-north-east) and are curvilinear (concave-up). 

The structures are interpreted as the result of a single phase of 

glaciotectonic deformation. The strike and style of the folds records 
horizontal compression of the basal sediments, and the superjacent 
dis- continuities apparently represent two thrust planes. Both types of 

structure are consistent with ice push along the axis of the valley. It is 

concluded that the drift bench in which the exposure is cut is, at least 

in part, a push moraine, and that ice-marginal sediments were thrust 

against the valley side during a minor readvance that interrupted the 

deglaciation of Coire Mör. Further evidence for active retreat exists 

on the southern valley side. 



150 

5.3.3. Southern valley side 

The moraines on the south side of Coire Mör form a series of 
sub-parallel chains of ridges and hummocks. The moraines are best 
developed north-west of B (Fig. 5.12) where at least ten distinct chains 
of ridges can be identified, the crests of which stand 3-5m above the 

adjacent ground. On the lower ground, close to the former centreline 
of the glacier, ridges are absent and the moraines consist of chains of 
hummocks. Unfortunately, good exposures of the internal structure 
of the ridges and hummocks were not available for study. However, 
fresh forestry drainage ditches provided numerous shallow 
exposures, examination of which allowed some detail to be recorded. 

The largest ditch section, CM-5, is located at the northern end of a 
moraine ridge and exposes a 1.5m thickness of sediment (Figs. 5.12, 

5.18). The uppermost unit is a coarse clast-supported diamicton. The 

matrix material is spatially variable, and varies from silt to coarse 
sand. Irregular pods of sand are common, some of which exhibit 
primary bedding structures. Clasts tend to be arranged in irregular 

clusters and in places the dusters have a matrix-free open framework. 
The lower contact of the unit is gradational, and slopes down to the 
left (east). In contrast to the upper unit, the subjacent sediments are 
well organised and display a variety of primary depositional 

structures. From the top, the units are: planar cross-bedded sands, a 

matrix-supported diamicton, and matrix- and clast- supported 

gravels. The sands form two sets, with cross beds that dip towards the 

east. Stone lines mark the lower boundary of each set. The underlying 
diamicton unit has a silty sand matrix in which fissile shear 

structures are well developed. The unit pinches out to the left where 

a concentration of lasts occurs. The lower contact of the diamicton is 

gradational, and it is possible that the subjacent gravels are not a 

separate unit, but a basal clast concentration of the overlying 
diamicton. 
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The clasts in the upper clast-supported diamicton are entirely of 
BDLAE, while those in the lowermost gravels are dominantly of 
BDLAE, but with secondary amounts of Glamaig epigranite, 
agglomerate and basalt. In common with CM-1 and CM-2, a subglacial 
origin for the agglomerate and basalt can be assumed. The presence of 
Glamaig epigranite is problematical, and may indicate that some of 
the debris in the moraine was derived from earlier ice sheet deposits. 

The characteristics of two samples of BDLAE clasts were measured, 

one from the lowermost gravels (CM-5a) and one from the upper 
diamicton (CM-5b). Both samples contain large proportions of 

unmodified material, although CM-5a has a significant component of 

edge-rounded clasts. The clasts in the samples are less modified than 

the BDLAE clasts from the north side of the valley. 

A two-phase depositional history for the sediments in the exposure 
is likely. First, sediment accumulated, probably ice-marginally, as a 

conformable sequence of sediment-gravity flows and fluvial deposits 

preserved in the lower right of the exposure. This material was 

apparently derived from both subglacial and high-level sources. The 

upper unit was then formed by gravitational collapse of coarser 

passively-transported debris. Truncation of the lower units may have 

occurred contemporaneously with the deposition of the upper. 

Only limited information is available from ditch sections elsewhere 
in the area. The most widely-exposed deposits are unconfined 

sediment-gravity flows, an example of which is shown in Figure 5.20 

(CM-6). The section exposes a tabular flow body with a basal clast 

concentration that swells and pinches out markedly. Clast lithology is 

dominated by BDLAE, with lesser amounts of Glamaig epigranite, 
Marsco epigranite, basalt and agglomerate. BDLAE clasts from the 

flow body (Sample CM-6a) and the basal clast concentration (Sample 

CM-6b) have closely similar characteristics (Fig. 5.19). Both samples 

show only limited evidence for modification during transport, and it 
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is inferred that the material has a similar transport history to that 

sampled from CM-5a. A further clast sample was obtained from a 
sediment-gravity flow deposit in a shallow ditch section at CM-7 
(Figs. 5.12,5.19). Lithologically, the clasts in the section consist of 96% 

BDLAE and 4% agglomerate, although occurrences of basalt were also 

noted. The RA and C40 indices of a sample of the BDLAE clasts from 

CM-7 fall within the envelope of the scree control material (S, Fig. 

5.19), and it is concluded that the clasts were not modified during 

glacial transport and deposition. 

The data from CM-5, CM-6 and CM-7 suggest that much of the 
BDLAE debris on the south side of Coire Mör was 

passively-transported, in contrast to the north side where larger 

quantities of the BDLAE lasts were basally-transported. The material 

on the southern valley side may have been (a) submarginally 

entrained and underwent only limited glacial transport; or (b) 

supraglacially entrained following slope failures in the upper part of 
Coire Mör (eg. at D, Fig. 5.12). The uniform lithology of the catchment 

area for the material does not allow elimination of either possibility. 
Deposition was principally by sediment-gravity flow and by glacial 

meltwater. 

The nature of the sediments and the reconstructed depositional 

processes suggest that the material accumulated by 'dumping' at the 

ice margins (cf. Eyles 1978a, 1979). From the sedimentological 

evidence, it is unclear whether dumping occurred adjacent to 

stagnant ice, or whether snow-bank or ice-push mechanisms played 

some role in moraine construction (cf. Birnie 1977; Sharp 1984). 

The morphology of the ridges is important in this respect. Paired 

measurements of maximum proximal and distal slope angles were 

made at eleven sites, and in each case the moraines were markedly 

asymmetric (Fig. 5.21). The gradients of the distal slopes range 

between 240 and 360 (mean=30°), and those of the proximal slopes 
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between 180 and 260 (mean=21°). In all cases the distal slope was the 

steeper (Fig. 5.21d). These data were compared with a sample of 
maximum slope angles taken from non-oriented moraine 
hummocks in the Loch Ainort basin. The data were analysed by 

non-parametric one-tailed Mann-Whitney U-Tests of the difference 
between the sample distributions. The Coire Mör distal slopes do not 
differ significantly from those of the hummock sample, while the 
Coire Mör proximal slopes form a separate population with a 
significantly lower mean (0.01 level). The hummock and Coire Mör 
distal slope gradients are interpreted as stable angles of rest for the 

constituent material under the prevailing depositional and 

environmental conditions. The spread of values probably reflects 

variations in the grain-size, sorting, initial water content, and 
depositional history of the material. 

It is clear that other factors were important in the evolution of the 

proximal slopes of the Coire M6r moraines. One explanation, 

suggested by C. K. Ballantyne (pers. comm. ), is that the gentler 

proximal slopes resulted from the infilling of swales between the 

moraine crests and the glacier margin during periods of more rapid 

marginal retreat. Alternatively, the proximal slopes may have 

developed in contact with over-riding ice, and the moraines formed 

by a combination of dumping and push mechanisms (cf. Price 1970; 

Matthews et al. 1979; Sharp 1984; Krüger 1985). Under either 
interpretation the Coire M6r moraines record variations in the 

retreat of the glacier. Such variations may have been the result of 

annual variations in glacier activity or longer-term 

climatically-forced events. Further consideration of ice margin 

oscillations is made in Chapters 6 and 7. 

The predominance of hummocks over ridges in the axial portion of 

the valley suggests that the controls on moraine distribution were 

similar to those operative in Gleann Torra-mhichaig. However, the 

lack of suitable exposures did not permit further investigation. 
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5.4 Loch Ainort basin 

5.4.1 Loch Lomond Readvance limits 

The lateral margins of the glacier that occupied the Loch Ainort 
basin can be traced on the valley sides to the north and south of the 
loch. To the north, on the slopes of Leathad Chrithinn, the upper 
limit of glacier ice is marked by a drift bench and chain of moraine 
ridges that descend from c. 200m od to c. 100m od. (A-B, Fig. 5.22). To 

the east of B the terrain is irregular and the limit is unclear. However, 

on the coast, the margin may be represented by an intertidal spit of 
sand and gravel, which may consist of reworked glacigenic sediments 
(C, Fig. 5.22). On the slopes of Glas Bheinn Mh6r to the south of the 
loch an intermittent drift bench descends from c. 400m od to c. 230m 

od above Luib (D-E, Fig. 5.22). The position and gradient of the bench 
is concordant with that on the north side of the loch. No evidence for 

a glacial limit exists on the north-east slopes of Glas Bheinn Mhör, on 
which a large landslip has occurred (F, Fig. 5.22). South of the landslip 

a drift limit rises gently to the south from c. 250m od., demonstrating 
that at the Loch Lomond Readvance maximum ice flowed 

northwards up Srath M6r and was confluent with the Loch Ainort 

glacier (Ballantyne 1989a; Fig. 4.7). The probable zone of confluence 
between the two glaciers is marked by two sub-parallel drift ridges 
that trend down the northeast ridge of Glas Bheinn Mh6r (cf. Section 

6.3). No sections were available in the ridges and it is not known 

whether they formed subglacially or upon glacier ablation. A 

combination of both processes is possible (cf. Vere and Benn 1989). 

A chain of moraine mounds occurs at c. 100m od. on the western 

slopes of Am Meall, east of Luib (G, Fig. 5.22). An intermittent drift 

limit continues across the northern slopes of Am Meall, and at H 

(Fig. 5.22) a chain of moraine ridges marks the glacier terminus. The 
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chain coincides with the northern termination of the Strollamus 
boulder train, shown by Ballantyne (1988) to relate to ice sheet 
deglaciation (see also Section 6.2). Ice flowing from the Loch Ainort 
basin has deflected boulders from the train to the north-east. The 
dissimilarity of Loch Lomond Readvance and ice sheet flow lines is 

also shown by crossing striae in the area (Fig. 5.22). 

A range of drift landforms occurs within the limits of the Loch 
Lomond Readvance. First, dissected drift slopes lie around the 

perimeter of the basin, and are particularly well developed on the 
hillsides to the north and south of the loch (Fig. 5.1). Drift benches 

and occasional chains of moraine ridges traverse the dissected drift 

slopes above the loch. Second, groups of moraine ridges occur on the 

slopes above the Allt Mhic Mhoireinn in the north-west of the basin 
(I, J, Fig. 5.22). Third, the floors of the three valleys that'drain into the 
head of the loch (Coire nam Bruadaran, Coire na Seilg and Coire 
Choinnich, Fig. 5.1) are occupied by an extensive suite of moraines in 

which non-oriented and longitudinally-oriented assemblages 
predominate. Finally, fluted moraines occur in the upper parts of 
Coire na Seilg and the valley of the Alit Mhic Mhoireinn (K, L, Fig. 
5.22). These landforms and the constituent sediments are discussed in 

sections 5.4.3,5.4.4 and. 5.4.5 below. First, the basin-scale patterns of 
debris provenance and transport will be considered. 

5.4.2 Patterns of debris provenance and transport 

The geology of the Loch Ainort basin allows the pattern of debris 

transfer to be established in detail. Both superficial boulders and 

subsurface lasts were studied (Figs. 5.23,5.24,5.25). 

The most striking feature of the distribution of superficial boulders 

is the presence of two sub-parallel erratic trains (M, N, Fig. 5.22). Both 

trains are composed almost entirely of lithologies that crop out on the 
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backwalls of the basin: Marsco epigranite in the northern train and 
eucrite in the southern. The Marsco epigranite erratic train can be 
traced for c. 2.5 km from the foot of a steep, massive free face on 
Marsco to the shore of Loch Ainort (M, Fig. 5.22). The consituent 
boulders are large (up to 4m a-axis) and dominantly angular, 
although distally a proportion are sub-angular. The proximal end of 
the southern train is located beneath a 100m high rock wall on 
Garbh-bheinn (N, Fig. 5.22). The train extends for c. 3 km to where it 
becomes indistinct on the steep (200-250) drift-covered lower slopes of 
Glas Bheinn Mhör, although eucrite boulders can be traced 
continuously into the northern part of Srath M6r (cf. Section 6.3). The 
boulders are up to 3m in length and are dominantly angular. 

In both cases the lithology of the boulders shows that they were 
derived from the rock walls at the proximal ends of the trains (Fig. 
5.2). The nature of the source areas and the large size of the boulders 
indicates that the debris was probably released from bedrock in a 
series of rock avalanches (cf. Mudge 1965; Gardner 1980; Ballantyne 
1986). Both source areas are known from trimline evidence to have 
occupied supraglacial positions during the Loch Lomond Readvance 
(Ballantyne 1989a; Figs. 4.7,5.22). This implies that either (a) the 
boulders were entrained following rockfall on to the glacier surface, 
or (b) the boulders initially collected below the rock walls prior to the 
Loch Lomond Readvance and were subsequently entrained at the 

glacier sole. The former possibility is considered to be the more 
probable because the large number of angular boulders in the trains is 
indicative of passive glacial transport in englacial or supraglacial 
positions. Since neither train formed at the confluence of ice streams, 

and no other mechanism for the elevation of subglacially-entrained 

material is likely to have operated in the upper reaches of the 

temperate Loch Ainort glacier, it is concluded that the boulders were 

entrained at the upper surface of the glacier. The occurrence of 

sub-angular boulders in the more distal parts of the Marsco epigranite 
boulder train implies that some of the material reached the glacier 
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sole during transport, possibly as the result of basal melting. The 

boulder trains are interpreted as 'avalanche-type' medial moraines 
derived from persistent supraglacial debris sources on the backwalls 

of the basin. 

The overall pattern of boulder lithologies in the Loch Ainort basin 

indicates that valley-side debris sources were of widespread 
importance. The lithology of 41 samples of boulders is represented in 

Figures 5.23 and 5.24. Figure 5.23 shows that the central part of the 
basin floor is traversed by longitudinal bands dominated by boulders 

of (a) agglomerate, (b) eucrite, and (c) Marsco and Glamaig epigranite. 
In most cases these lithologies account for >75% of the sample, and 

the rock types underlying the sample points are generally poorly 

represented. The longitudinal bands reflect lateral changes in 

lithology around the valley backwalls, a pattern that clearly 
demonstrates that most of the sampled boulders were entrained at or 

close to the source areas of the Loch Ainort glacier, and were 

subsequently transported along discrete flow lines. 

An exception to this general pattern is evident in Figure 5.24, in 

which a group of samples (1-5) contain large proportions of BDLAE 

that cannot have been derived from the valley sides. The orientation 

of the Marsco epigranite and eucrite erratic trains demonstrates that 

the last ice-flow direction in this area was from the south-west where 

valley-side outcrops of BDLAE are absent (Fig. 5.2). The boulders must 

therefore have been entrained subglacially. The Loch Ainort 

epigranite in the vicinity of samples 1-5 is closely jointed, and bedrock 

highs commonly have joint-bounded lee faces. It is concluded that 

the structural characteristics of the bedrock facilitated subglacial 

plucking by discontinuous rock mass failure (cf. Addison 1981). 

The boulder samples from the valley sides to the north and south of 

the loch are dominated by BDLAE and Glas Bheinn Mh6r epigranite 

respectively. These rock types underlie the sample points in addition 
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to the superjacent hill slopes and the ground further upvalley, and 
consequently the provenance of the boulders cannot be established 
with certainty. Further consideration of debris provenance on the 

valley sides is made below with reference to the subsurface clast 
material. 

The provenance of subsurface clasts in the basin was established at 
twelve sediment exposures (LA-1 to LA-12, Fig. 5.25). LA-i is located 

close to the terminus of the Loch Ainort glacier, LA-2 to LA-6 are on 
dissected drift slopes on the valley sides above the loch, and LA-7 to 
LA-12 are in moraines on the valley floor. The distribution of 
lithologies in the samples is closely similar to that of the superficial 
boulders. The majority of the samples from the valley floor (LA-7 to 
LA-12) are dominated by lithologies that crop out on the backwalls of 
the basin. In these samples, clasts derived from the basin floor are 

generally poorly represented, with the important exception of LA-7, 

in which 36% of the clasts are of locally derived BDLAE. It is likely 

that the BDLAE clasts in this sample were derived by subglacial 
plucking from the same bedrock source area as the BDLAE boulders 
in the vicinity (1-5, Fig. 5.24). 

The characteristics of the clasts derived from the valley backwalls 

allow aspects of their transport history to be determined. Samples of 
Marsco epigranite taken from LA-7, LA-8, LA-9 and LA-10 have low 

C40 indices and varied proportions of edge-rounded material (Fig. 

5.26). The data from LA-10 fall within the envelope of basal till clast 

characteristics (L, Fig. 5.26) and 66% of the clasts in the sample are 
facetted and polished. Therefore, a history of active subglacial 
transport is indicated for the debris at this site. The remaining Marsco 

epigranite samples contain both actively- and passively-transported 

clasts in different proportions (Fig. 5.26). The abundance of 

subglacially edge-rounded clasts in the samples does not increase 

downvalley as may be expected. It is suggested that debris was present 
in both passive- and active transport paths in the glacier throughout 
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the basin, and that the relative proportions in the samples were 
controlled stochastically by the history of debris release and 
deposition at each site. Very intensive sampling would be necessary 
to determine whether any systematic trend exists. The pattern may be 
further complicated if a significant proportion of the debris has been 

reworked from earlier slope or glacigenic deposits. 

The clast lithology at LA-12 is dominated by agglomerate, basalt and 

eucrite. Although no agglomerate control material was studied, the 

characteristics of clasts from the section suggest a high proportion of 

unmodified, passively-transported clasts (Fig. 5.27). The likely source 

area for such material is an irregular 100m high free face immediately 

upslope from the sample site. 

A sample of eucrite clasts from LA-11 has characteristics indicative 

of a large proportion of actively-transported material (Fig. 5.27). 

Similar eucrite material was sampled from the dissected drift below 
Glas Bheinn Mhör (LA-2a, b, LA-3, LA-4, Fig. 5.27), showing that 
following entrainment close to the glacier source areas, a significant 
proportion of eucrite clasts entered basal transport. 

The most frequently-occurring lithology in LA-l, LA-2, LA-3 and 
LA-4 is Glas Bheinn Mhör epigranite. As for the epigranite boulders 

in the vicinity, three alternative transport histories are possible. The 

material could have reached its present position following: (a) 

subglacial entrainment; (b) supraglacial entrainment and glacial 

transport; or (c) subaerial release and transport by slope processes 
during or after deglaciation. The shape characteristics of clasts at the 

sites allow some inferences to be made. The sample from LA-1 is 

closely similar to the scree control material (Fig. 5.28), and only one 

striated sub-rounded clast was noted. Because of the low gradient of 

the slopes above LA-1, it is concluded that the material reached the 

site by passive glacial transport following either supraglacial or 

sub-marginal entrainment. Five samples taken from the lower slopes 
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of Glas Bheinn Mhör (LA-2a, b LA-3a, b, LA-4, Fig. 5.28) suggest 

admixtures of actively-transported and unmodified material. It is 

concluded that a proportion underwent subglacial transport prior to 
deposition, and the remainder may have been passively glacially 
transported or derived directly from the hillsides above. 

On the north side of the loch, the samples are dominated by BDLAE, 

with lesser amounts of basalt and Marsco epigranite (LA-5, LA-6, Fig. 
5.25). The basalt was probably derived subglacially from minor 
intrusions, and the Marsco epigranite from the slopes of that hill. The 

provenance of the BDLAE is considerably less certain and, in 

common with the Glas Bheinn Mhör epigranite clasts in LA-1 to 
LA-4, a complex origin is possible. Clast shape characteristics (Fig. 
5.28) are indicative of an admixture of actively-transported and 
unmodified material. 

In summary, the boulder and subsurface clast samples exhibit a 
single pattern of debris provenance in the basin. The most important 

sources of the debris that occurs on the basin floor were the backwall 

slopes, particularly the rock walls on Marsco, Garbh-bheinn and Belig. 
In the case of the two erratic boulder trains, it is probable that most of 
the debris entered glacial transport following major rockfalls during 
the Loch Lomond Stadial. However, it is possible that a proportion of 
the superficial boulders and subsurface clasts elsewhere in the basin 

were derived from pre-existing deposits. Unequivocally subglacially- 
entrained debris occurs on part of the low ground at the head of the 
loch, where BDLAE boulders and clasts were plucked from the 

closely-jointed bedrock. In other parts of the basin floor subglacial 

plucking of debris was apparently of minor importance. The precise 

origin of the epigranite boulders and clasts in the valley-side deposits 

cannot be determined from lithological evidence. Clast shape analysis 

shows that both actively-transported and unmodified material is 

present, and it is probable that least part of the material was derived 

from extraglacial slopes. 
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5.4.3 The valley sides above Loch Ainort 

The morphology of the drift slopes above Loch Ainort is similar to 
that on the north side of Coire Mör (Section 5.3.2). On Leathad 
Chrithinn and Glas Bheinn Mhör (Fig. 5.22) the lower slopes have 

gradients of 200-300, and are mantled by drift that varies in thickness 
from 0.5 to 5m (Fig. 5.36). The slopes are traversed by discontinuous 
drift benches and ridges that trend obliquely downvalley with gentle 
gradients. On the southern valley side at least four sub-parallel 
benches and chains of moraine ridges can be identified, the 

uppermost of which marks the lateral margin of the Loch Ainort 

glacier at the Loch Lomond Readvance maximum (E, Fig. 5.22). The 
benches on Leathad Chrithinn are less distinct (Fig. 5.22). The benches 

and ridges are interpreted as ice-marginal landforms marking the 

positions of stillstands or minor readvances that interrupted the 
deglaciation of Loch Ainort (cf. Gleann Torra-mhichaig and Coire 
Mör, Sections 5.2.2 and 5.3.2 above). 

Sediment exposures are confined to the lower ground, where 
extensive road cuts and stream sections are available. Sedimentary 
detail was recorded at six sites (LA-1 to LA-6; Fig. 5.22). The first site 
(LA-1, Fig. 5.29) illustrates the internal structure of a 3m high 
hummock located c. 200m from the Loch Lomond Readvance limit. 
Structurally, the sediments form two units separated by an erosion 
surface: a lower folded sequence of diamictons, sands and gravels, and 
an upper undeformed tabular diamicton unit. The original 

stratigraphy of the lower sequence is uncertain since the sediments 

may have been overturned. However, probably the oldest unit is a 

structureless clast- supported diamicton that crops out in the lower 

left of the exposure. The lateral contact between the unit and the 

succeeding matrix-supported diamicton forms a series of tight folds 

with sub-horizontal axial traces. Shear foliae within the 

matrix-supported diamicton follow the trend of the folds. To the 

right, the matrix-supported diamicton is apparently conformably 
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succeeded by synclinally-folded well-sorted sands and gravels and 
structureless diamicton. The sequence of sediments is interpreted as 
the product of sediment- gravity flow (matrix-supported diamicton), 

other gravitational processes such as fall and topple (clast-supported 
diamictons) and fluvial deposition (sands and gravels). 

The synclinal structures in the lower sediments are truncated by an 
undulating erosion surface that extends the full 3m length of the 

exposure. The overlying diamicton unit exhibits lateral changes in 

character: to the left it is matrix supported and clasts are concentrated 
at the base, while to the right the unit coarsens. The unit is 
interpreted as a single sediment- gravity flow, and the rightwards 
coarsening may represent a lateral or distal facies of the flow or a 
coarse zone within the flow body (cf. Lawson 1982,1988). 

The folding of the lower sequence indicates that sedimentation took 

place adjacent to melting ice. Melting of the ice was apparently 
complete prior to the deposition of the upper sediment-gravity flow. 

A road cut provides almost continuous exposure for c. 1 km along 
the lower slopes of Glas Bheinn Mhör. LA-2 and LA-3 are selected 
sections of the exposure chosen to illustrate structural detail (Figs. 
5.22,5.30,5.31,5.32). The most widely-exposed lithofacies in the area 
are matrix-supported diamictons that occur in tabular sheets dipping 

parallel to the surface slope. Individual units range between 0.1 and 
1.0m in thickness and may extend laterally for several metres. Shear 
foliae and sand and silt stringers are common. In places, 

clast-supported diamictons crop out, which may grade laterally or 

vertically into matrix-supported units. Thin laterally-extensive sand 

units and lenses of sorted gravel occur as interbeds (Fig. 5.30). The 

sediments are interpreted as a sequence of sediment-gravity flows 

interspersed with lag horizons and minor amounts of fluvial 

deposits. 
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Over most of the outcrop, the beds form a conformable series that 
has not undergone syn- or post-depositional deformation, although 
at LA-2 and LA-3 deformation structures are exposed. The structures 
at the former occur in two places, located 4m apart (LA-2a, b, Fig. 5.31). 
At LA-2a a lens of sand and gravel has abrupt vertically-oriented 
lateral contacts with the adjacent massive diamicton unit. The 

presence of pockets of sand in the diamicton suggests that the 

margins of the sand and gravel lens have been disaggregated and 
partially reworked. The underlying beds are undeformed. Sand 

pockets also occur in a diamicton unit at LA-2b, in which a tightly 
folded gravel lens is exposed. The fold occurs in isolation and has a 
horizontal axial trace. The deformation exposed in LA-3 also 
involves a sand and gravel lens (Fig. 5.32). The central part of the lens 
has been penetrated by an inclined mass of diamicton, to the right of 

which the sands curve upwards in a lobate structure. The core of the 
lobe consists of an ovoid pocket of diamicton. 

All of the structures record limited horizontal and vertical 
movement of the sediments. The lobate structure at LA-3 is 
interpreted as a diapiric fold, and the structures at LA-2 are indicative 

of localised failure and redistribution. None of the structures are 
uniquely diagnostic of buried glacier ice, and deformation could have 

occurred in response to rapid loading during the deposition of the 

overlying sediment-gravity flows (cf. Hutchinson and Bhandari 1971; 

Paul and Eyles 1990). 

The characteristics of the deposits and the morphology of the 

ground surface are diagnostic of coalescing debris fans in which the 

dominant depositional process has been sediment flow. The absence 

of structures indicative of glacier over-riding or buried ice suggests 

that the deposits accumulated in their present position after 
deglaciation. The lithological and clast shape data described in Section 

5.4.2 show that much of the debris is the reworked debris load of the 

Loch Ainort glacier. It is suggested that much of the reworking 
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occured during and shortly after deglaciation, prior to colonisation of 
the area by vegetation. It should be noted, however, that limited 

reworking of the slope deposits by sediment-gravity flow and fluvial 

processes continues at present. 

Two exposures on the north side of Loch Ainort were examined 
(LA-5, LA-6, Figs. 5.22,5.33,5.34). LA-5 is located at c. 80m od. in the 
bank of a stream that cuts through 2-3m of sediment. The deposits are 
very good examples of sediment-gravity flows, with well-developed 
basal clast concentrations, silt and sand stringers, and shear foliae. An 

erosional unconformity divides the sediments into two sets, the 
lower of which dips to the left, and the upper to the right. The 

compact and stony nature of the diamictons did not allow the true 
dip of the sediments to be determined. The overall environment of 
deposition was probably closely similar to that on the south side of 
the loch. 

LA-6 is part of a large roadside quarry cut into c. 4m of gullied drift. 
The exposure is located c. 15m downslope from a dissected drift bench 
that slopes downvalley with a gradient of c. 40. The quarry exposes a 
deformed sequence of compact matrix-supported diamictons and 
gravels (Fig. 5.34). The lowermost diamicton unit is 2-3m thick and is 
largely structureless, although pods of sand occur in places. One such 
pod contains steeply-inclined primary bedding, indicating that the 
diamicton formed, at least in part, by the reworking of previously 
sorted sediments. The precise mode of formation of the diamicton is 

unclear, and the material could consist of reworked subglacial, 
ice-marginal or extraglacial deposits. A subglacial origin is unlikely, 
however, because the characteristics of BDLAE clasts from the unit 

are unlike those of the basal till control samples (Fig. 5.28). Moreover, 

the clast characteristics are very similar to those from the 

sediment-gravity flows exposed in LA-5. Although the data do not 
indicate that the original mode of deposition was similar to that of 

the sediments at the other site, they do demonstrate a similar 
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transport history, and show that both actively-transported and 
unmodified material is represented. It is tentatively concluded that 
the unit consists of reworked paraglacial or ice-marginal deposits. 

The primary structure of the upper part of the exposure is clearer, 
and a sequence of diamicton units can be identified. The units are 
bounded by matrix-supported gravels, and are interpreted as 
sediment-gravity flows. 

The upper sequence and the top contact of the lower unit have been 
deformed into a series of folds, the axial traces of which have 

apparent dips to the south-west (upvalley) of 27°-53°. The folding 

represents a shortening of the sediment pile parallel to the axis of the 

valley. The style of folding and the consistent upvalley, dip of the fold 

axes are consistent with deformation under subglacial tectonic 

stresses (cf. Banham 1975; Rotniki 1983; Thomas and Summers 1984; 
Owen 1988) and the folds are interpreted as evidence of glacial 
over-riding. 

The age of the over-ridden sediments in the exposure cannot be 
determined on present data, and it is uncertain whether they were 
originally deposited during ice sheet deglaciation, the Lateglacial 
Interstadial, or the Loch Lomond Readvance. One possibility is that 
the sediments were deposited during the initial phase of retreat of the 
Loch Lomond Readvance glacier (by analogy with Gleann 
Torra-mhichaig and Coire Mör) and were subsequently over-ridden 
during a minor readvance. Although the proximity of the valley side 
bench on the slopes above the exposure lends some-support to this 
idea, the hypothesis could not be tested. 

In conclusion, the sediments and landforms on the valley sides 

above Loch Ainort complement the evidence from Gleann 

Torra-mhichaig and Coire Mör. Debris deposition was principally by 

sediment-gravity flow, and considerable downslope movement and 
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reworking of material is likely to have occurred during and following 
deglaciation. The provenance of the debris cannot be accurately 
determined, although active glacial transport of some of the material 
has been demonstrated. The presence of valley-side benches and 
moraine ridges within the Readvance limit are interpreted as 
evidence that deglaciation was interrupted, at least in the initial 

stages, by stillstands and, perhaps, minor readvances. Further 

evidence for active retreat of the Loch Ainort glacier is presented in 

the following section. 

5.4.4 AIR Mhic Mhoireinn 

Two groups of moraine ridges occur on the slopes to the north and 
south of the Allt Mhic Mhoireinn (I, J, Fig. 5.22, Fig. 5.35). The 

northern group consists of three sub-parallel chains that descend 

obliquely across the hillside from c. 400m od. towards the col at the 
head of Gleann Torra-mhichaig. Between 400m od. and 200m od. the 

ridges typically stand 2m high on the distal (upslope) side, while on 
the col, at 130m od, ridge A (Fig. 5.35) has a maximum relief of 3m. A 
line of boulders trends parallel to ridge A, c. 80m to the north (B, Fig. 
5.35), beyond which (at the head of Gleann Torra-mhichaig) are 
further parallel moraine ridges (C). 

The southern group of moraine ridges lies -close to the crest of 
Bruach nam Bo (D, Fig. 5.35) and have a similar gradient and 

altitudinal distribution to those on the col to the north. The ridges, 

which stand 2-3m above the adjacent ground, have two orientations. 
To the south, the principal ridge is aligned c. N 600 E, while to the 

north, the ridges are aligned c. N 250 E. A short branch of the 

principal southern ridge trends parallel to the second group. 

The morphology and distribution of the moraine ridges strongly 

suggests that they were formed at active ice margins. From the 



167 

evidence elsewhere in the Loch Ainort basin, in Gleann 
Torra-mhichaig, and Coire Mör, it is clear that the ridges do not mark 
the limits of the Loch Lomond Readvance, and it is inferred that they 

record pauses or minor readvances that interrupted glacier retreat. If 
this interpretation is correct, the distribution of the ridges implies 
that during deglaciation ice draining towards Loch Ainort became 

separated from that occupying Gleann Torra-mhichaig, and that the 
two ice tongues continued to be nourished in separate source areas 
located on the Beinn Dearg massif. Deglaciation of the col at the head 

of Gleann Torra-mhichaig would isolate any ice remaining in Coire 
Mör from areas of snow accumulation, and would result in the 

cessation of active glaciation in that valley. Although it is tempting to 
invoke this model to explain the absence of moraines in upper Coire 
Mör, it is equally possible that complete deglaciation of Coire Mör 

predated the formation of the Allt Mhic Mhoireinn moraines. 

It is possible that the southern group of ridges (D, Fig. 5.35) formed 
in a medial position between the Mhic Mhoireinn ice stream and that 
to the south, although the uniform lithology of the catchment area 
does not permit testing of this idea. 

5.4.5 Coire nam Bruadaran, Coire na Seilg and Coire Choinnich 

This section deals with the glacial landforms in the three valleys 
that drain into the head of Loch Ainort. Moraines occupy a large area 
of the valley floors (Figs. 5.1,5.36), while on the higher ground, 

uniform drift slopes are more usual. 

A group of longitudinally-oriented flutes occupies the ground on 
the eastern side of Coire na Seilg (K, Fig. 5.22). The flutes, the longest 

of which extends for 450m, are round crested and are typically 1-2m 

high and up to 10m across. Although the underlying bedrock is 

Marsco epigranite, that rock type was not noted in the flutes; the 
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constituent material is eucrite derived from the upper parts of 
Garbh-bheinn (Fig. 5.2). Numerous scars in the flutes expose a 
homogeneous matrix-supported diamicton with ubiquitous 
anastomosing sub-horizontal joints. The matrix is overconsolidated 
and consists largely of silt and fine sand, while the clasts are 
dominantly sub-angular and sub-rounded and facetted forms are 

common. Such characteristics are typical of the basal tills that crop out 
in many parts of the Cuillin Hills. 

The dimensions and form of the flutes are closely similar to those 

of fluted moraines elsewhere in the Scottish Highlands (Sissons 

1977b; Hodgson 1982,1986) and the 'megaflutes' described by Rose 
(1987) from the foreland of Austre Okstindbreen, Norway. The flutes 

are interpreted as a subglacially-deformed till surface (cf. Dyson 1952; 
Hoppe and Schytt 1953; Boulton 1976b, 1982). This interpretation 

implies that subglacial sediment deformation was of at least local 
importance as a mechanism for the downvalley transfer of debris 
derived from the upper parts of the Loch Ainort basin, and may 
account for some of the subglacially-comminuted material on the 
basin floor and the valley sides (Section 5.4.2). It may be mentioned in 

passing that fluted moraines also occur in the valley head above the 
Allt Mhic Mhoireinn (L, Fig. 5.22). The subject of subglacial sediment 
deformation is examined in detail in Chapter 7. 

Large areas of moraines cover the low ground at the head of the 
loch, and smaller areas of Coire nam Bruadaran and Coire Choinnich 

(Figs. 5.1,5.36). In detail, the moraines are varied in form. The most 
frequently occurring moraines are symmetrical conical hummocks, 

although two- and three-topped hummocks and flat-topped mounds 

are common, and short non-aligned ridges occur in places. No 

rim-ridges were identified. The majority of the moraines form 

non-oriented groups (Fig. 5.35). Transversely-oriented chains of 

ridges, hummocks or mounds are absent, but longitudinally-oriented 

groups occur in places. One such occurrence is at E (Fig. 5.35) where 
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nine hummocks form a longitudinal chain 200m in length. 
Additionally, concentrations of hummocks lie along the line of the 
Marsco epigranite erratic train (M, Fig. 5.22, F, Fig. 5.36). 

Collectively, the moraines vary in magnitude and density, from 
isolated 1m high hummocks at 30-50m intervals to closely-spaced 
3-4m high moraines (Fig. 5.36). Concentrations of moraines occur in 

three locations: (1) in a longitudinal belt adjacent to the Marsco 

epigranite erratic train; (2) downvailey of the northern ridge of Belig; 

and (3) at the head of Loch Ainort. The moraines in areas (1) and (2) 

are predominantly composed of debris derived from the corrie 
backwalls (Figs. 5.23,5.24,5.25). It is concluded that the concentration 

of moraines in these areas reflects the positions of longitudinally- 

oriented debris concentrations in the Loch Ainort glacier. In the case 

of area (2), confluent glacier flow was probably an important factor in 

concentrating the debris. The only significant moraine-free area on 
the floor of the Loch Ainort basin is longitudinally aligned and lies 

across the lower part of the gently-sloping epigranite spur between 
Coire nam Bruadaran and Coire na Seilg (Figs, 5.1,5.36). The area can 
be traced upvalley to the gap in the valley headwalls between 
Garbh-bheinn and Marsco, and it is concluded that the absence of drift 

reflects the lack of supraglacially-entrained material in the ice in this 

part of the basin. The concentration of moraines in area (3) is 

apparently unrelated to patterns of supraglacial debris entrainment. 
Some parts of the moraines in area (3) contain significant amounts of 
debris derived from the basin floor (Figs. 5.24,5.25), and it is possible 
that the concentration of moraines in this area is related to the 

outcrop of the closely jointed Loch Ainort epigranite (Section 5.4.2; 

Fig. 5.2). 

The distribution of moraines in the basin also suggests that local 

slope gradient was an important controlling factor (Figs. 5.36,5.37). 

Morainic hummocks and mounds are absent from slopes >200, where 

drift cover consists of uniform or dissected sheets, interpreted as 
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coalescing debris fans (Section 5.4.3). -As noted above, moraine forms 

on such slopes are limited to discontinuous drift benches on the 
higher ground (Fig. 5.22). Conversely, uniform or dissected drift cover 
is not found on slopes <100. It is suggested that this pattern reflects 
the slope thresholds for downslope reworking processes that 
prevailed during and shortly after deglaciation, and that the 
formation and preservation of moraine assemblages required slopes 
<10 to 200. The spread of slope gradient values may be due to local 

variations in material properties, water availability, depositional 

mechanisms and the activity of superjacent slopes. 

The depositional environment during deglaciation was 
reconstructed for four moraine sites (LA-7, LA-9, and LA-10a, b, Fig. 
5.22). LA-10a and b are two adjacent exposures in a hummock in the 

upper part of Coire nam Bruadaran (Figs. 5.38,5.39). The hummock 
has a sharp-crested conical form, and is 4m high and 20m across. 
LA-10a, on the east side of the hummock, exposes a 0.5m thickness of 
sands, gravels and diamictons. The sands are well sorted, coarse to 
medium grained, and most units are horizontally bedded. 
Interbedded with the sands are horizontally bedded or massive 
granule gravels with conformable or concave-up erosional basal 

contacts. The sand and gravel beds have been syn-depositionally 
deformed into a series of gentle anticlinal and synclinal flexures with 
an amplitude of c. 0.1m. In addition, in the left-hand part of the 

exposure, the sands and gravels are in faulted contact with an 
irregularly-shaped diamicton unit. The diamicton is clast supported, 
has a sandy matrix, and is apparently structureless. Because of the lack 

of structure, the direction and magnitude of fault movement could 

not be determined. Diamicton units also occur in the relatively 

undeformed right-hand end of the exposure, where they are 
interbedded with sands and gravels. The diamictons are clast-rich, 

matrix supported, and are crudely bedded. In places, sub- horizontal 

shear foliae occur. 
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The interbedded sands, gravels and diamictons record alternation 
between fluvial activity and the deposition of sediment-gravity flows. 
The range of grain sizes and the presence of erosion surfaces in the 

sands and gravels, coupled with the presence of sediment-gravity 
flows, show that water flow was both intermittent and of variable 
strength. The folding and faulting of the sequence indicate that the 

sediments accumulated in contact with ablating ice. The 
fault-bounded diamicton unit in the left-hand part of the exposure 
may be the deformed remnant of a sediment-gravity flow, or 
alternatively may have formed by the failure and reworking of sands 
and gravels during ice melt. 

LA10b lies lOm to the west of LA10a, and consists of a sequence of 
bedded diamictons overlain by horizontally bedded sands (Fig. 5.39). 
The diamictons are interpreted as five sediment-gravity flows, the 

upper two of which overlie an erosion surface that truncates the 
lower units. The sediments are undeformed and apparently retain 
their original depositional dips. 

A further good example of interbedded sediment-gravity flows and 
fluvial sediments is exposed in LA-9,375m northeast of LA-10 (Figs. 
5.22,5.40). The internal structures in the sediment-gravity flows are 
similar to those described elsewhere in this chapter, although basal 

clast concentrations are absent. The upper unit conformably overlies 
a sequence of planar cross-bedded granule gravels and planar and 
trough cross-bedded sands. The sands and gravels have erosional, 
concave-up basal contacts, and record the migration of fluvial dune 

bedforms under variable flow conditions. Deformation structures are 

absent. 

The sediments at LA-7 were exposed temporarily during the 

construction of an overhead power-line link across the island. The 

exposure, a trench cut in a 3m high hummock, revealed a deformed 

sequence of interbedded sands, gravels and diamictons (Fig. 5.41). A 
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stacked sequence of conformably-bedded sediments was exposed in 
the lower left of the trench, recording deposition by water and 
sediment-gravity flow. To the right, the lithofacies merged laterally 
into a single massive diamicton unit. The diamicton had a sandy 
matrix and contained a number of irregularly shaped pods of 
structureless sand, one of which was laterally continuous with one of 
the horizontally-bedded sand units. The geometry and structure is 
indicative of collapse and reworking of formerly sorted sediments 
(and diamicton? ), and the whole sediment pile is interpreted- as the 
result of polyphase deposition and deformation in contact with 
stagnant ice. 

In addition to those described above, numerous small sediment 
exposures in the moraines were examined (eg. LA-8, LA-11, LA-12). 
The constituent material was invariably similar to that in LA-7, LA-9 
and LA-10; that is, sediment-gravity flows and other slope deposits in 
interbedded and deformed relationship with fluvial sands and 
gravels. No basal tills or glaciotectonic structures were observed. 

Together, the distribution, morphology and sedimentology of the 
moraines are indicative of sedimentation and reworking in 
association with ablating glacier ice. Although often adduced as 
evidence for in situ glacier downwasting (eg. Sissons 1967a; 
Clapperton and Sugden 1975,1977; Gray 1982), such areas of chaotic 
'hummocky' moraine are known to form in association with active, 
as well as 'dead' glaciers (eg. Eyles 1979,1983). In Section 5.2.3 it was 
argued from the distribution of linear moraine ridges and benches on 
the valley sides, that the hummocks on the floor of Gleann 
Torra-mhichaig were formed during active glacier retreat. However, 

the valley-side moraines and benches in the Loch Ainort basin define 

glacier positions that clearly predate the deglaciation of the basin floor 
(Fig. 5.22), and evidence that ice stagnation occurred during active 
glacier retreat is lacking. The contrast between the valley-side and 
valley-floor moraines may therefore record a temporal, rather than 
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spatial, variation in environmental and depositional conditions. 

One line of evidence regarding the style of deglaciation of the Loch 
Ainort basin is the pattern of ice flow lines shown in Figure 5.42. The 
diagram, based on the distribution of boulders and subsurface clasts, 
fluted moraines and striae, reveals a single coherent pattern of ice 
flow that reflects conditions when the glacier extended into tidewater 
in the lower part of the basin. Significantly, there is no evidence for 

realignment of ice flow in the upper parts of the basin. Of particular 
relevance is the orientation of the eucrite erratic train, the upper 
reaches of which cut obliquely across the axes of Coire na Seilg and 
Coire Choinnich (Figs. 5.1,5.22,5.42). The lack of deflection of the 
train in these two corries implies that ice was not reoriented under 
topographic control during deglaciation, and consequently that ice 

retreat in the upper parts of the basin was not interrupted by 

readvances or significant stillstands. Although not evidence that the 
Loch Ainort glacier downwasted in situ, the pattern does indicate that 
the later stages of deglaciation were relatively rapid. 

5.5 Conclusions 

The evidence from Gleann Torra-mhichaig, Coire Mör and the 
Loch Ainort basin allow several conclusions to be drawn, some of 
which have local significance, and others that may have more 
general applicability. 

(1) The glacial environment was characterised by considerable 
debris mobility. Many extraglacial slopes were geomorphologically 

active, and in many places large quantities of debris were delivered to 

the glacier surfaces. Debris released at the glacier margins typically 

underwent multiple reworking episodes. 

(2) During the Loch Lomond Stadial, material was delivered to the 
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glaciers from extraglacial slopes by landslipping, rockfall and 
rock-avalanche, sediment-gravity flows and fluvial processes, and it 
is possible that snow avalanching was also important. Slope activity 
was spatially variable, and was apparently controlled by the structural 
and lithological properties of the bedrock. For example, landslipping 

was limited to well-jointed rocks such as epigranite and felsite, and 
major rock falls to massive, resistant rocks. 

(3) The timing of slope activity was at least partially conditioned by 
deglaciation. On closely-jointed rocks, material was released from 
freshly-deglaciated valley sides and was deposited adjacent to the 

glacier ablation areas without significant glacial transport. Downslope 

movement and reworking of valley side material continued after 
deglaciation. 

(4) Subglacial plucking of bedrock was of local importance, and was 
apparently controlled by the joint distribution in the bedrock. The 

extent of subglacial entrainment of pre-existing regolith could not be 

established, although reworking of ice-sheet deposits probably 
occurred in places. On massive rocks subglacial abrasion occurred, 
and is recorded by ice-moulded and striated rock surfaces. 

(5) Following entrainment, debris entered both active and passive 
glacial transport. Basal debris transport is known to have taken place 
in deforming till layers beneath the glacier sole, although transport in 
debris-rich basal ice was possibly areally more important. At least part 

of the passively-transported debris was carried in medial moraines, 

which were related to persistent debris sources on the basin walls, and 

glacier confluences. 

(6) Debris released from glacier ice was reworked by a variety of 

processes: no primary melt-out tills were noted. The principal 

glacigenic depositional process was sediment-gravity flow. Flow types 

I, II, and III (Lawson 1981b, 1982,1988) were identified, in addition to 
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the products of other gravitational processes such as fall and slide. 
Multiple reworking episodes were typical. In some valley-side 
moraines, probable non-glacigenic sediment-gravity flows 
interdigitate with glacigenic deposits. Fluvial activity at the ice 

margins was intermittent but locally important, while in the 
proglacial environment fluvial reworking of debris resulted in 
terrace sequences in parts of the valley floors. 

(7) The type of depositional landforms that resulted from 
deglaciation was determined by at least two factors: ice dynamics and 
local slope. Deposition at active margins on slopes of up to c. 200 

resulted in push and/or dump moraine ridges. On steeper slopes, 
ice-marginal landforms tend to consist of intermittent valley-side 
benches with gentle down-valley gradients. Deposition in association 
with stagnating ice resulted in non-oriented and longitudinally- 

oriented assemblages of hummocks and mounds. Local slope 
gradients in excess of 100-200 were unfavourable for the preservation 
of such moraine assemblages, probably due to slope instability during 
deglaciation. 

(8) Ice stagnation topography is most widespread on the valley 
floors, and in some instances apparently formed in the marginal 
zones of otherwise active glaciers. Therefore, the presence of 
'hummocky moraines' in the Scottish Highlands does not necessarily 
imply large-scale in situ glacier downwasting, even when such 
moraines are chaotically distributed and contain few linear elements. 

(9) The emergence of topographic barriers during deglaciation 

served to separate diffluent ice streams, which continued to be 

nourished in separate source areas. In one instance (Coire Mör) the 

pattern of deglaciation may have isolated an outlet glacier from its 

source, resulting in stagnation. 

(10) Ice-stagnation topography is widespread on the floor of the Loch 
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Ainort basin. Although this cannot be regarded as evidence of 

climatically-forced in situ glacier stagnation, there is some indication 

that glacier retreat accelerated in the later stages of deglaciation. 

Some of the above themes are examined further in the following 

chapter, which is concerned with the southern part of the eastern 
transection complex. 
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Fig. 5.1 Gleann Torra-mhichaig, Coire Mör and 
the Loch Ainort basin: topography and drift cover. 
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Fig. 5.2 Gleann Torra-mhichaig, Coire Mör and 
the Loch Ainort basin: geology. 
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Fig. 5.3 Locality and field sketch of probable snow-avalanche 
impact rampart, Beinn Dearg Mheadhonach. 
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Fig. 5.4 South-westcrn slopes of Aote cappin ; ý)t 
basalt (A), Richter slopes of epigranite (B), and dissected 
sediment-gravity flows (C). 
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Fig. 5.5 Moraine distribution and pattern in Gleann 
Torra-mhichaig. The key to this and other maps in this chapter 
is shown in Fig. 4.8. 
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Fig. 5.6 Section TM-3: structure and lithofacies. The key to this 
and other lithofacies logs in this chapter is shown in Fig. 4.9. 
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Fig. 5.7 Sections TM-3 and TM-4: clast characteristics. 
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Fig. 5.8 Section TM-4: detail of partially-disaggregated blocks of 
Beinn Dearg Mhör epigranite and adjacent lithofacies. 

Fig. 5.9 Section TM-1: structure and lithofacies. 
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Fig. 5.10 Sections TM-1 and TM-2: clast characteristics. 

Fig. 5.11 Section TM-2: structure and lithofacies. 
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Fig. 5.12 Moraine distribution and pattern in Coire Mör. 

Fig. 5.13 Section CM-1: structure and lithofacies. 
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Fig. 5.15 Section CM-2: structure and lithofacies. 



187 

ºr! ºT1 
CQ. CIÖ 

. 
(71 (J1 
I--º F-+ V Cý 
ýý 
fý A 

r'i'. ºý. 
OO 

nn 

ýc 
rt nL 

ý! º1 

2) A) 
z :3 

CL Cl. 
... ,. _. ... ". rt . -r 

OO 

0. Q. 
(9 (D 
ril w 

A 
cD 
ý 
O 
ý 
ti 
O 
ý 

ý (D 
rt 
rt 
O 
ºý r... 

QQ 

rt 



188 

ý- -- 

0 
L -- 

ýL 

1 

V (, M-I; 

2.5 m 

Fig. 5.18 Section CM-5: structure and lithofacies. 

Fig. 5.19 Sections CM-5, CM-6 and CM-7: clast characteristics. 
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Fig. 5.21 Moraine maximum slope angles. 
(a) hummocks, Loch Ainort basin; 
(b) Coire Mör moraine ridges, proximal slopes; 
(c) Coire Mör moraine ridges, distal slopes; 
(d) Coire Mör moraine ridges, paired values. 
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LOCH AINORT 

Fig. 5.25 Lithology of subsurface clasts in the Loch Ainort basin. 
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Fig. 5.26 Sections LA-7, LA-8, LA-9 and LA-10: Glast 
characteristics. 
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Fig. 5.29 Section LA-1: structure and lithofacies. 

s 

Fig. 5.30 Typical vertical profile through sediment cover, south 
side, Loch Ainort. 
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Fig. 5.31 Section LA-2: details of deformation structures. 
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Fig. 5.32 Section LA-3: detail of deformation structures. 

Fig. 5.33 Section LA-5: structure and lithofacies. 
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Fig. 5.34 Section LA-6: structure and lithofacies. 

Ice flow from left to right. 
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Fig. 5.38 Section LA-10a: structure and lithofacies. 

Fig. 5.39 Section LA-10b: structure and lithofacies. 
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Fig. 5.40 Section LA-9: structure and lithofacies. 

Fig. 5.41 Section LA-7: detail of structure and lithofacies. 
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Chapter Six 

The Eastern Transection Complex: South 

6.1 Topography and geology 

The area that was occupied by the southern part of the eastern 
transection complex consists of three hill groups which are divided by 

two north-south trending valleys, Srath Mör and Srath Beag, and their 

southern continuation, Loch Slapin (Figs. 4.7,6.1). 

The westernmost of the three hill groups culminates in the summit 

of Bla'bheinn (928m). The upper parts of Bla'bheinn, together with 
Clack Glas (786m), Sgurr nan Each (720m), Garbh-bheinn (808m) and 
the western part of Belig (702m) are underlain by massive eucrites of 
the Cuillin complex (Figs. 6.1,6.2). The slopes of the hills are indented 
by a number of spectacular corries that are bounded by steep rock walls 
and narrow aretes (Fig. 6.3). The upper parts of the corrie floors are 
typically mantled by lodgement till, and ice-scoured bedrock is not 
widely exposed. However, trimlines are present at several localities, 

and allow the upper limit of the Loch Lomond Readvance glaciers to 
be reconstructed with confidence. 

The eastern slopes of Belig and the hills to the south of Bla'bheinn 

are underlain by extrusive basalts. The strata generally dip at low 

angles, and tend to form steep, terraced free faces (Fig. 6.3). 

As noted in Chapter 5, Glas Bheinn Mhör (570m), to the north of 
Belig, is underlain entirely by the closely-jointed Glas Bheinn Mhör 

epigranite, and the terrain contrasts sharply with that of the 

Bla'bheinn group. Glas Bheinn Mhör rises from Srath Mör in long, 

uniform debris-mantled slopes, and has an elongate conical form. 
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Evidence for a former landslip on the north-eastern slopes of Glas 
Bheinn MhBr, briefly mentioned in Section 5.4.1, consists of an arcuate 
crown scar below which lies a mass of boulders and partially- 
disaggregated rock. Three major joint sets are present in the crown 
scar, aligned (a) approximately parallel to the overall ground surface 
slope, (b) at 750-850 downslope, and (c) at c. 200 into the slope. It seems 
probable that the landslip originated by failure along the slope-parallel 
joint set. Map measurement of the volume defined by the crown scar 
suggests that over 6000m3 of rock were displaced in the landslip event. 
The timing of the landslip is not known, although its relationship 
with the glacial landforms on the adjacent slopes indicates that it 

post-dates the Loch Lomond Readvance maximum. 

Between Srath Mör and Srath Beag lie Beinn na Cro (572m) and Glas 
Bheinn Bheag (350m). Beinn na Cro is morphologically similar to Glas 
Bheinn Mhör, and when viewed from the north or south appears as 
an almost symmetrical cone (Fig. 6.4). Much of Beinn na Cro is 
underlain by epigranite; Glas Bheinn Mhör epigranite in the north, 
and Outer Granite (or Beinn na Cro epigranite, Gass and Thorpe 1976) 
in the south (Fig. 6.2). Both epigranites belong to the Eastern Red Hills 

centre, are highly variable, and are often indistinguishable in hand 

specimen. Consequently, the two rocks were not differentiated in the 

present study. The slopes to the north of the summit of Beinn na Cro 

are underlain by a large raft of eucrite and basalt (Fig. 6.2). Above Srath 
Mör, the basalt and the adjacent chill facies of the epigranite have 

weathered more readily than the neighbouring rocks, resulting in a 

steep, gullied re-entrant. Debris from the re-entrant has built up as a 
debris cone on the floor of the valley. On the northern ridge of Beinn 

na Cro, the outcrop of the eucrite is c. 250m across, and forms a series 

of roches moutonnees with steep, plucked lee faces oriented towards 

the north. 

The upper and eastern parts of Glas Bheinn Bheag are underlain by 

rocks of the Jurassic Bearreraig Sandstone Formation. On the higher 
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ground, the strata consist of hard, massive thermally-metamorphosed 

sandstones, and superficial debris is generally absent. To the 

north-west of Glas Bheinn Bheag, the ground falls to a broad col at c. 
95m od, beyond which lies the rounded, epigranite hill of Am Meall 
(193m). 

The third group of hills in the study area rises to the east of Srath 

Beag, and consists of Beinn Dearg Mhör (709m), Beinn Dearg Bheag 

(582m) and Beinn na Caillich (732m) (Fig. 6.1). Five corries are cut into 

the hills, two of which, namely Coire Reidh and Coire Sgreamhach 

(Fig. 6.1), held glaciers that were tributary to the eastern transection 

complex. The remaining three corries nourished independent glaciers 
during the Loch Lomond Stadial, and are described in Chapter 7. 

The hills to the east of Srath Beag are underlain by an almost circular 
pluton, the Inner Granite, which was the final major intrusion 

relating to the Cuillin igneous centre (Fig. 6.2). The granite is massive 
and coarse-grained, and has weathered into rectilinear boulder- and 
scree-covered slopes. Discontinuous rock walls occur in places, 
particularly around the heads of the corries. The granite is surrounded 
by a variety of country rocks, including agglomerate, hybrid intrusive 

rocks, extrusive basalts and Lewisian gneiss (Fig. 6.2). The agglomerate 
tends to be more resistant than the adjacent rocks, and forms 

prominent rock walls at Creagan Dubh, to the north of Beinn Dearg 
Mhör (Fig. 6.1). 

The two glacial breaches that traverse the area, Srath Mör and Srath 

Beag, are dissimilar in form. Srath Mör is flat-floored and attains an 

altitude of only c. 25m od at its highest point. Bedrock is rarely exposed 

on the floor of the valley, and it is probable that the sub-drift surface 
lies below sea-level for much of its length. By contrast, Srath Beag rises 

to 190m od and has a narrower cross profile. 

Much of the floor of Srath Beag and the southern part of Srath Mör 
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are underlain by Mesozoic sedimentary rocks. For the most part, the 

rocks are of Jurassic age, although a thin sequence of Cretaceous strata 
crops out in the north of Srath Beag. In general, the Mesozoic rocks are 
well bedded and fissile, and their presence has an important bearing 

on the glacial geology of the area (Sections 6.2 and 6.4 below). 

On the eastern side of Loch Slapin, the Jurassic strata are in faulted 

contact with Cambro-Ordovician limestones and dolostones (Fig.. 6.2). 
In common with an adjacent intrusion of Outer Granite, the resistant 
limestones and dolostones form a series of bare, ice-scoured hills, 

which contrast sharply with the low-relief Jurassic-floored terrain. 

The evidence for the directions of ice-sheet flow in the study area is 

clearest on the northern slopes of Glas Bheinn Bheag and Am Meall 

above Loch na Cairidh (Fig. 6.1). Ice flow from the mainland towards 

the north-west is recorded by abundant striae and by a prominent train 

of granite boulders (Harker 1901; Ballantyne 1988). The origin of the 
boulder train, and its relationship to the deposits of the Loch Lomond 
Readvance, are examined in Section 6.2. 

Walker et al. (1988) studied four pollen sites in Srath Mör, three of 

which are located among the moraines in the north of the valley, and 
the fourth in the south (Fig. 4.7). The pollen sites, taken together with 
the distribution of high Lateglacial shorelines in the area, provide 

evidence for the Loch Lomond Stadial age of the eastern transection 

complex. 

During the Loch Lomond Stadial, three outlet glaciers drained the 

southern part of the eastern transection complex; one flowing 

northwards from Srath Beag and Coire Reidh towards the coast at 
Strollamus; another flowing from Srath Mör to a confluence with the 

Loch Ainort glacier; and a third that drained into Loch Slapin. Each of 

these outlet glaciers deposited large areas of moraines, the 

characteristics and significance of which are discussed in Sections 6.2, 
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6.3 and 6.4 below. 

6.2 Strollamus 

6.2.1 Introduction 

The Loch Lomond Readvance moraines in the northern part of 
Srath Beag, around Strollamus (Fig. 6.1), are of particular interest, for 
two reasons. First, during the Loch Lomond Stadial, locally-nourished 
ice flowed northwards from Coire Reidh and Srath Beag towards Loch 

na Cairidh, approximately at right angles to the direction of earlier 
ice-sheet flow (Ballantyne 1988,1989a). The varied geology of eastern 
Skye enables the provenance of certain lithologies to be established 
with accuracy, and consequently, in the Strollamus area it is possible to 

assess the importance of reworked sediment as a source of debris to 
Loch Lomond Readvance moraines. Second, much. of the lower 

ground in the area is underlain by Jurassic shales and sandstones (Fig. 
6.2), , allowing the importance of subglacial entrainment of such 
closely-jointed, 'weak' rocks to be assessed. 

In the Strollamus area, the most striking evidence for a difference in 
ice flow directions between the Dimlington Stadial and the Loch 
Lomond Readvance is the distribution of boulders of Inner Granite 
(Fig. 6.1). Such boulders can be traced for c. 5 km from the northern 

slopes of Beinn na Caillich to the shore of Loch Ainort (A-F, Fig. 6.1; 

A-E, Fig. 6.5; cf. Ballantyne 1988). To the west of Strollamus (C-F, Fig. 

6.1; C-E, Fig. 6.5) the boulders form a dense lineated band, 100-200m 

across, which was interpreted by Ballantyne (1988) as a lateral moraine 
that marks the southern margin of an ice lobe that flowed 

north-westwards up Loch na Cairidh. Ballantyne demonstrated, from 

the position of raised shorelines and a radiocarbon-dated Lateglacial 

pollen site in the area, that the train pre-dates the Lateglacial 

Interstadial, and suggested that the inferred ice limit may correlate 



210 

with the Wester Ross Readvance on the mainland to the north-east 
(cf. Robinson and Ballantyne 1979; Sissons and Dawson 1981). To the 

south-east of point C (Figs. 6.1,6.5) boulders from the train have been 
deflected to the north-east, and Ballantyne (1988,1989a) concluded that 
the proximal parts of the ice sheet moraine had been disrupted by a 
glacier that flowed down Srath Beag during the Loch Lomond 
Readvance. The lines of granite boulders between A and B (Figs. 6.1, 
6.5) were interpreted as lateral moraines marking the eastern limit of 
the Loch Lomond Readvance glacier. 

In the present study, the distribution of erratics in the Strollamus 

area is examined in detail. This work, in conjunction with studies of 
subsurface clasts and moraine morphology, shows that although 
Ballantyne's interpretation is correct in its broad outlines, a 
reinterpretation of some of the evidence is necessary. In particular; (1) 

some of the characteristics of the boulder train west of Strollamus 

suggest that it is not a lateral, but a medial moraine, and that it 
therefore lacks ice-marginal or stage significance; and (2) the 
relationship between ice-sheet deposits and the Loch Lomond 
Readvance moraines in lower Srath Beag is more complex than 
Ballantyne (1988,1989a) envisaged. 

Section 6.2.2 presents a detailed examination the Strollamus erratic 
train, with particular emphasis on the source of the boulders and their 

position of deposition. The relationship between ice-sheet deposition 

and the Loch Lomond Readvance moraines in lower Srath Beag is 

described in Section 6.2.3, and the characteristics and genesis of the 

Loch Lomond Readvance moraines in upper Srath Beag are discussed 

in Section 6.2.4. 
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6.2.2 The Strollamus erratic train 

Source 
On the spur north of Beinn na Caillich (A-B, Fig. 6.5), three or four 

parallel lines of boulders descend from c. 350m od to c. 150m od. The 

position of the boulder lines with respect to evidence elsewhere in the 
Srath Beag area (Fig. 6.5) strongly suggests that they represent marginal 
positions of the glacier that flowed from Coire Reidh during the Loch 
Lomond Readvance (Ballantyne 1989a). Despite the absence of 
demonstrably unmodified sections of the Strollamus erratic train to 
the east of Srath Beag, it is possible to infer the source of the train from 

geological and topographical considerations. 

With the exception of the area that was occupied by the Coire 
Seamraig glacier during the Loch Lomond Stadial (Section 7.2.2), 

granite boulders are not abundant on the low-angled basalt slopes 
north of Beinn na Caillich (Figs. 6.2,6.5). This implies that the source 
of the Strollamus erratic train must lie on or to the west of the line 
A-B (Fig. 6.5), and it is concluded that the most probable source for the 
train is the north-western ridge of Beinn na Caillich (A, Fig. 6.5). This 
conclusion implies that prior to the Loch Lomond Readvance, the 
proximal part of the boulder train probably lay not far from the 
present position of the boulder lines (A-B, Fig. 6.5). 

The fact that boulders from Beinn na Caillich occur at an altitude of 
200m on the west side of Srath Beag (D, Fig. 6.5) demonstrates that the 
Strollamus boulder train originated as a medial moraine. It is 

concluded that the train was initiated in the zone of confluence 
between ice flowing (a) across the ground north of Beinn na Caillich, 

and (b) from Coire Reidh. It is not possible to ascertain whether the 

summit of Beinn, na Caillich stood above the ice surface as a nunatak 

at the time of formation of the moraine. 



212 

Distal Part : Position of Deposition 
Ballantyne's (1988) interpretation of the Strollamus erratic train (C-F, 

Fig. 6.1; C-E, Fig. 6.5) as a lateral moraine implies that at the time of 
moraine formation, the ice that flowed from Coire Reidh failed to 
cross the topographic barrier of Glas Beinn Bheag. While such a 
situation is possible in principle, two lines of evidence suggest that the 
Strollamus train is unlikely to have formed in a lateral position. 

First, as recognised by Ballantyne, no equivalent moraine occurs on 
the Island of Scalpay. The slopes of Scalpay opposite Strollamus are 
largely debris-free and consist mainly of ice-scoured granite and 
Torridonian strata. However, it may be argued that the absence of a 
moraine on Scalpay simply reflects the absence of debris in the ice, ie. 
that there was an asymmetry in the supply of debris to the ice that 
flowed up Loch na Cairidh (cf. Benn 1989b). 

The second line of evidence is more compelling, and lies in the 
overall planform and long profile of the train. From point C (Figs. 6.1, 
6.5), the upper (western) edge of the boulder train rises from c. 150m 
od to c. 200m od on the northern ridge of Glas Bheinn Bheag (D, Figs. 
6.1,6.5). From this point, it descends directly downslope to c. 70m od 
(E, Figs. 6.1,6.5) with a mean gradient of over 1: 5. Thereafter, the upper 
edge of the train maintains a generally constant altitude of c. 70m od 
for 1.2 km, to where it is truncated above Loch Ainort (F, Fig. 6.1). If 
the -train is a lateral moraine, then this long profile records the lateral 

gradient of a former ice margin. However, it is unlikely that the 

surface of an ice tongue flowing up Loch na Cairidh would first rise, 
then abruptly fall, then maintain a constant elevation, particularly in 

the absence of topographic barriers in the trough. 

The planform and gradient of the boulder train in the area of the col 
between Glas Bheinn Bheag and Am Meall (E, Fig. 6.1,6.5) is of 

particular interest. The summit of the col is 110m lower than the 

altitude of the boulder train at D (Figs. 6.1,6.5), 1 km to the south-east. 
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Although spill of ice westwards across the col ought to be expected, no 
such deflection occurs, and the train maintains a constant orientation 
parallel to the coast. It is inferred that the lack of deflection of the 
boulder train towards the col is due to the presence, at the time of 
moraine formation, of ice "-on -the ground to the west, and that the 
Strollamus boulder train is a medial moraine throughout. Under this 
interpretation, it is . implied that ice flowing from Coire Reidh and 
Srath Beag was able to cross Glas Bheinn Bheag, and that the planform 
of the moraine records the interaction of local ice and that flowing 
from the mainland. 

A further implication of the reinterpretation of the boulder train is 
that there is still no unequivocal evidence for the Wester Ross 
Readvance beyond its type area. The extent of this readvance, and its 

regional and climatic implications, provides an intriguing area for 
future research. 

6.2.3 Lower Srath Beag: debris provenance and 
Loch Lomond Readvance limits 

Walker et al. (1988) and Ballantyne (1989a) used four lines of 
evidence to delimit the Loch Lomond Readvance in northern Srath 

Beag: (1) the presence of a prominent ridge, interpreted as a lateral 

moraine, on the slopes to the east of the Allt Strollamus, (F, Fig. 6.5); 

(2) the deflection of boulders from the Strollamus erratic train down 

Srath Beag (Figs. 6.1,6.5); (3) the presence of 'hummocky moraine' on 

the west side of the Allt Strollamus (Fig. 6.5); and (4) an apparent drop 

in the marine-limit in the vicinity of Strollamus from >23m od (G, 

Fig. 6.5) to c. 7m od (H, Fig. 6.5). 

A search for sediment exposures in the ridge at F (Fig. 6.5) revealed 

that, despite its morphological similarity to a lateral moraine, it is 

composed entirely of bedrock. The position of the ridge is controlled by 
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the dip and strike of the underlying Jurassic sandstone, and is 

unrelated to the limit of the Srath Beag glacier. Glacial depositional 
landforms are not well developed on the low ground to the east of the 
Allt Strollamus, and consist of short linear ridges and isolated 
hummocks (eg. I, Fig. 6.5). However, although the morphological 
evidence is unclear, the limit of the glacier can be located with 
precision with reference to the distribution of granite boulders (Fig. 
6.6). On the slopes that lie less than 400m to the east of the Allt 
Strollamus, granite is the most abundant boulder type (samples 8-14, 
Fig. 6.6), and locally-derived basalt and Jurassic sandstone boulders are 
of secondary importance. By contrast, at distances greater than 400m 

east of the river, basalt and sandstone boulders predominate, and 
granite is rare or absent (samples 15-18). The granite in samples 17 and 
18 is fine-grained, and was probably derived from local outcrops of 
Outer Granite (Figs. 6.2,6.6), and it is concluded that the abrupt 
decrease in the abundance of granite boulders marks the limit of the 
Loch Lomond Readvance (B-I-J, Fig. 6.5). 

A sharp limit to the distribution of granite boulders also occurs on 
the west side of the Allt Strollamus, although, importantly, it is not 
coincident with the limit of the moraines (Fig. 6.6). Samples 1,2 and 3, 
in the northern part of the moraines, consist entirely of Jurassic 

sandstone, while to the south, samples 4-7 contain large quantities of 
granite derived from the erratic train. The complete absence of granite 
from samples 1,2 and 3 suggests that either (1) the Loch Lomond 

Readvance glacier did not reach the sample localities, and that the 
limit lies within the moraines to the south, or (2) if the Loch Lomond 

Readvance glacier did reach the sample localities, then that part of the 

glacier did not carry any granite boulders. Possibility (1) is considered 
the more probable, due to the presence of granite in samples 5 and 6, 

which are located upvalley of samples 1,2 and 3. 

However, an unlikely margin configuration results if boulder 

lithology is used as the sole criterion in the reconstruction of the 
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glacier limit on the west side of the river. A more probable position for 

the glacier limit is suggested by the planform of the moraines. 
Adjacent to locality 6, a clear boulder line and a chain of moraine 
ridges occur (K, L, Fig. 6.5). The trend of the moraine chain -is 
continued upvalley by a marked drift limit on the valley side (M, Fig. 
6.5). It is suggested that, collectively, these features, which occur at 
similar altitudes to the inferred limit on the east side of the valley, 
mark the maximum of the Loch Lomond Readvance. If this 
interpretation is correct, then the granite boulders in samples 4 and 5 

must relate to an earlier episode of downvalley boulder transport. One 

possibility is that limited redistribution of the boulders occurred 
during ice-sheet deglaciation, when the ice stream that occupied Loch 

na Cairidh had thinned sufficiently to allow ice to flow obliquely out 
of Srath Beag. 

The above interpretation is inconsistent with the observation by 

Walker et al. (1988, p. 141) that Late- glacial shorelines are absent-from 
the area around the mouth of the Allt Strollamus. However, Figure 
6.5 shows that several dissected terraces, the upper limits of which lie 
between 10m and 23m od, occur in the Strollamus area. The surfaces 
of the terraces are irregular and incised by channels, and in places (eg. 
N, Fig. 6.5) grade laterally into morainic topography. Sections in the 

terraces reveal weathered, bedded sands and gravels. The morphology, 
composition and distribution of the terraces indicate that they may be 

ice-contact beach forms (cf. Gordon and Hansom 1985), and it is 

suggested that the terraces record the incursion of the sea on to 

stagnating ice during ice sheet deglaciation. 

Analyses of the lithological composition of subsurface clasts 
(3.0-12.5cm a-axis) in lower Srath Beag throw light on the importance 

of ice-sheet deposits as a source of debris to the Loch Lomond 

Readvance glacier (Fig. 6.7). Samples 1 and 2 were taken from 

exposures of gravels to the east of lower Srath Beag, at c. 15m and 23m 

od respectively. Both samples contain high proportions of gabbro and 
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Torridonian sandstone, indicating a sediment source to the south-east 
(Figs. 6.7,7.2). Granite and Jurassic sandstone also occur to the 

south-east of the sample sites (Fig. 7.2), and it is concluded that the 

material was transported by ice-sheet flow. Similarly, gabbro and 
Torridonian sandstone occur in the dissected terraces to the west of the 
Allt Strollamus (Samples 3,4,5, Fig. 6.7). The terrace samples also 
contain amygdaloidal basalt (16-20%), which does not appear to have 
been derived from upper Srath Beag, because significant outcrops of 
basalt occur only on the east side of that catchment (Fig. 6.2), and basalt 
is rare in the clast samples from the west side of the upper valley (Fig. 
6.7). Consequently, it is concluded that the basalt in the terrace samples 
was transported from the south-east by ice-sheet flow. The strong 
evidence for debris delivery from the south-east suggests a similar 
source for the granite clasts, and a local origin for the Jurassic 

sandstone, rather than sources in upper Srath Beag. 

In this respect it is interesting to note the composition of some of the 
Postglacial sediments in lower Srath Beag; Sample 6 from the Main 
Postglacial raised beach, and Sample 7 from the modern river bed. 
Gabbro is present in Sample 6, indicating some reworked ice-sheet 

material, but on the whole the samples more closely resemble those 
from upper Srath Beag than those from the adjacent dissected terraces. 
It is concluded that the composition of Samples 6 and 7 resulted from 

the 'flushing out' of ice sheet erratics from the valley axis, and the 
downvalley transport of granite and Jurassic sandstone from the upper 
basin. 

Within 200-250m of the inferred Loch Lomond Readvance limit on 
the west side of the valley (K, L, Fig. 6.5), a number of massive 

moraine ridges occur (eg. 0, P, Fig. 6.5). The ridges are sharp-crested, 
5-15m high, up to 200m in length, and have a composite, beaded form. 

In places, lines of boulders of Inner Granite are superimposed on the 

moraines, aligned parallel to the ridge crests. 
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Gabbro and Torridonian sandstone clasts occur in the moraine ridges 
(Samples 8-11, Fig. 6.7), indicating the presence of material that was 
transported by the last ice sheet. Basalt lasts constitute 4-12% of the 
samples, and the absence of basalt from the west and central parts of 
upper Srath Beag suggests that the basalt in the moraines was carried 
into lower Srath Beag by ice sheet flow. The possibility that some of 
the granite and Jurassic sandstone clasts in Samples 8-11 were also 
originally deposited by the ice sheet is suggested by the presence of 
those lithologies in Samples 3,4 and 5, beyond the inferred Loch 
Lomond Readvance limit. The mean percentages of Jurassic and 
granite clasts in Samples 8-11, compared with those from Samples 3-5 
(located downvalley of the moraines) and Samples 12-19 (located in 
the west and central parts of the upper basin, Fig. 6.7) are of interest in 
this respect: 

------------------------------------------------- 
Jurassic Granite Basalt Gabbro/Torridonian 

Samples 3-5 40 24 17 17 
Samples 3-5 40 24 17 17 
Samples 8-11 45 38 93 
Samples 12-15 75 22 00 
Samples 16-19 78 19 40 

------------------------------------------------- 

The values for the moraine samples (8-11) are more closely similar to 
those for samples 3-5 than those for the samples from the upvalley 
sites (12-19), suggesting that the amount of reworked Jurassic and 
granite material in the moraines may be considerable. 

It is therefore concluded that the large moraine ridges that occur 

close to the inferred limit of the Loch Lomond Readvance are 

composed, to a large degree, of reworked debris that was originally 
deposited by the last ice sheet. This conclusion raises the question of 

whether the debris was over-ridden and redeposited in the ridges, or 
thrust in a proglacial position by the advancing ice margin (cf. 
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Humlum 1985b; Boulton 1986b). Evidence of debris over-riding is 

provided by the presence of four successive ridges on the west side of 
the river (between L and P, Fig. 6.5). If all of the ice-sheet debris had 
been 'bulldozed' by the ice, only one ridge would have formed; the 

occurrence of ice-sheet erratics in the inner moraines shows clearly 
that some of the debris was over-ridden prior to redeposition. 
However, englacial and proglacial thrusting may have played an 
important role in the final formation of the ridges. 

A complex history for some of the Jurassic sandstone clasts in the 

moraines is also suggested by the form and roundness characteristics 
of two samples (ST-1a, ST-1b, Figs. 6.5,6.8). Both samples contain high 

proportions of edge-rounded and 'blocky' clasts, indicative of 
subglacial modification. The characteristics of these samples contrast 
with those of sandstone clasts from the moraines located further 

upvalley (ST-2, ST-3, and ST-5, Figs. 6.5,6.8), which are dominated by 

angular material (Section 6.2.4 below). Although no samples were 
taken from outside the inferred Loch Lomond Readvance limit, casual 
observations suggest that angular Jurassic sandstone material is 

relatively common in such sites. It is therefore suggested that some of 
the modification of the clasts in ST-1a and ST-lb occurred during 

over-riding by the Loch Lomond Readvance glacier. 

In conclusion, the following points may be made. 

(1) Part of the moraines on the west side of the river relate to ice sheet 
deglaciation, and hence the distribution of 'hummocky moraine' is 

not a reliable indicator of the limits of the Loch Lomond Readvance. 

(2) Reworked debris was an important source of sediment to the Loch 

Lomond Readvance glacier. The reworked nature of the granite 
boulders was demonstrated by the work of Walker et al. (1988) and 

Ballantyne (1989a), and the evidence given above indicates the 

presence of reworked basalt, gabbro, and Torridonian sandstone clasts, 
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and suggests that reworked Jurassic material is also present. 

(3) The abundance of Jurassic sandstone boulders and clasts in lower 
Srath Beag indicates that significant subglacial erosion of the Jurassic 
bedrock occurred. The provenance and transport history of such 
subglacially- derived sediment within the Loch Lomond Readvance 
limits will be considered further in the following section. 

6.2.4 Upper Srath Beag and Coire Reidh 

Linear elements are widespread in the moraines in Srath Beag and 
lower Coire Reidh (Fig. 6.5). On the west side of Srath Beag, several 
clear benches and ridges trend obliquely downvalley across the hillside 
(eg. Q, R, Fig. 6.5). The benches and ridges are closely similar in form to 
those that were described from Gleann Torra-mhichaig and Coire M6r 
(Chapter 5), and are interpreted as ice-marginal moraines. 

The moraine ridges on the east side of Srath Beag and Coire Reidh 

are varied in form. To the north, the moraines consist of hummocks 

and short linear ridges, which occasionally form discontinuous chains 
(eg. S, T, Fig. 6.5). Superimposed on the moraines is a spread of Inner 
Granite boulders, at least part of which was probably derived from the 
ice-sheet erratic train (Section 6.2.2). Within the boulder spread, linear 

concentrations occur (eg. B, Fig. 6.5), which run parallel to the moraine 

ridges and chains. The linear pattern in the moraines and boulders is 

clearer on the slopes to the south, where up to five distinct parallel 
lines of Inner Granite boulders occur. The innermost line (U, Fig. 6.5) 

occurs in association with a pronounced moraine ridge. Collectively, 

the depositional landforms on the eastern side of Srath Beag and Coire 

Reidh are interpreted as ice-marginal features, and form a pattern that 

mirrors that on the western valley side. 

The pattern of moraine ridges is particularly striking on An Teanga, 
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the broad spur that lies between upper Srath Beag and Coire Reidh 
(Fig. 6.5). The ridges, which stand up to 4m high, are arranged in radial 
chains that converge to the south. The central ridge (V, Fig. 6.5) 
follows the crest of the spur, while those to the east and west trend 

obliquely downslope. It is suggested that the ridge at V is a medial 
moraine that formed in the zone of confluence between the Srath 
Beag and Coire Reidh glaciers, and that the remainder of the ridges are 
a series of lateral moraines that formed following the separation of the 

glaciers. 

The pattern of moraines and boulders in upper Srath Beag and Coire 
Reidh strongly suggests that deglaciation was by active retreat, rather 
than areal ice stagnation (cf. Sections 5.2,5.3,5.4). If this suggestion is 

accepted, then the abrupt upvalley limit to the moraines in Srath Beag 

and Coire Reidh may be interpreted in two ways. First, the upvalley 
moraine limits may represent the points at which a change occurred 
in the pace or style of deglaciation. Alternatively, the distribution of 
the moraines may reflect the availability of debris in the ice, which in 
turn, may be a function of bedrock lithology and structure (cf. Chapter 
5). In order to test these ideas, clast lithological and shape analyses 
were undertaken (Figs. 6.7,6.8). 

Glast samples from the moraines on the western slopes of Srath Beag 
(Samples 12-15, Fig. 6.7) contain large quantities (60-100%) of quartzose 
sandstone. The sandstone was derived from the Jurassic Bearreraig 
Formation, which underlies the sample localities and the superjacent 
slopes of Glas Bheinn Bheag (Figs. 6.2,6.7; Bell and Harris 1986). On 

the higher ground, the sandstones are massive in character, while on 
the lower slopes, adjacent to the sample localities, shale interbeds are 

common. The shape characteristics of two samples from the moraines 
(ST 2, ST 3a) show that the sandstone clasts are dominantly angular, 

and are often slabby in form (Fig. 6.8), indicating that a large 

proportion of the material has not been modified since its release from 

bedrock. On the basis of clast lithology and shape characteristics, the 
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material could have been derived either subglacially or from the 
slopes that stood above the glacier. An extraglacial source is considered 
improbable, however, because the rock out- crops on the slopes above 
the sample sites are massive and unweathered. It is therefore 

suggested that the clasts were derived subglacially from the 

well-jointed units of the Bearreraig Formation that crop out locally. 

If this interpretation is correct, then the abundance of unmodified 
clasts in the moraines implies either (1) a short distance of basal 

transport, or (2) passive glacial transport following elevation from the 
bed. In either case, it appears probable that the debris was entrained in 

a sub-marginal position. The evidence from An Teanga (see below) is 

compatible with this interpretation. 

Samples 12,14 and 15 (Fig. 6.7) also contain granite. Granite crops 
out on the floor of upper Srath Beag and on the slopes of Beinn na Cro 
(Fig. 6.2), and it is not possible to determine whether the clasts were 
entrained subglacially or supraglacially. The shape characteristics of a 
sample of granite clasts (ST-3b, Fig. 6.8) indicate the presence, in 

approximately equal proportion, of both actively- and passively- 
transported material. 

The moraines on An Teanga are underlain by part of the Middle 
Jurassic Great Estuarine Group, which consists of shale and interbeds 

of thin quartzose and calcareous sandstones (Fig. 6.7; Bell and Harris 
1986). Jurassic sandstone is the most frequently-occurring clast type in 

the moraines (Samples 16-19, Fig. 6.7). The shape characteristics of a 

sample (ST-5, Fig. 6.8) are similar to those of the sandstone clasts from 

the west side of Srath Beag, suggesting a similar history of short or 

predominantly passive transport. In view of the abundance of shale 
bands in stream sections in the area, shale clasts are surprisingly 

under-represented in Samples 16-19. The anomaly appears to be the 

result of the size range of the sampled clasts (3.0-12.5cm a-axis). 
Inspection of the finer material at the sample localities showed that 
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shale is the most frequently-occurring lithology for particles with 
a-axes less than 1.0 cm, and it is concluded that the shale was more 

readily disaggregated during entrainment, transport and deposition 

than the sandstone. 

In addition to the Jurassic material, granite, basalt and agglomerate 

clasts also occur in Samples 16-19 (Fig. 6.7). It is probable that all three 
lithologies were derived from the slopes of Beinn Dearg Mhör and its 

northern outlier, Creagan Dubh (Figs. 6.1,6.2,6.5), possibly by mass 
movement on to the surface of the Srath Beag and Coire Reidh 

glaciers. Evidence for the nature of entrainment of some of the 

material is provided in a sediment exposure below Creagan Dubh 
(ST 6, Figs. 6.5,6.8,6.9). 

The sediments in the section consist of a stacked series of tabular 

matrix-supported diamicton units. The lowermost unit has a stratified 
appearance, due to the presence of numerous undulating, 
sub-horizontal stringers, while the upper units are more massive. 
Clast concentrations occur within and between the units, which are 
interpreted as a sequence of sediment-gravity flows. Although there is 

no structural evidence to indicate that the sediments are glacigenic in 

origin, pronounced compositional stratification in the section suggests 
that the debris was deposited directly from glacier ice without 
intermediate reworking (Fig. 6.9; cf. Section 5.2.2). 

The lower and upper units are dominated by granite clasts and 

contain only minor amounts of agglomerate, while the central unit 

consists entirely of agglomerate clasts in a grey matrix. Samples of 

granite clasts from the lowermost unit (ST-6a) and agglomerate clasts 
from the central unit (ST-6b) both contain large quantities of angular 

material, and are similar in character to the scree control samples (S, 

Fig. 6.8). It is probable that the agglomerate was derived from rock falls 

from the steep slopes of Creagan Dubh, a short distance upvalley from 

the sediment exposure, while the granite could have been derived 
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either from the floor or the backwalls of Coire Reidh. The position of 
these source areas shows that both rock-types must have undergone 
some glacial transport prior to deposition. In turn, the compositional 
stratification of the units indicates that the agglomerate and granite 
material remained separate during transport, and only came into 

contact upon deposition, implying that the debris was carried in 
distinct bands in the ice. The position of such former debris bands in 

the ice is uncertain, although high-level transport is suggested by the 

shape characteristics of the clast samples. In the case of the 

agglomerate, a supraglacial, lateral position is probable. 

The moraines on the eastern side of Coire Reidh are largely 

underlain by basalt, although Jurassic strata crop out adjacent to the 

river (Figs. 6.2,6.7). The bedrock composition is reflected in the 
distribution of rock-types in the moraines (Samples 20-22, Fig. 6.7), and 
demonstrates the importance of subglacial entrainment. Basalt is 

abundant in all three samples (36-56%), while the proportion of 
Jurassic sandstone lasts varies according to the position of the sample 
site (0-28%). Interbedded sediment-gravity flow deposits adjacent to 
the river (eg. at ST-4, Fig. 6.5) provide evidence of the downslope 
transport of basalt debris from the deglaciated valley sides prior to final 
deposition (cf. Sections 5.2.2,5.3.2). 

Samples 20-22 also contain agglomerate (0-12%) and granite (24-44%). 

The most probable source of the agglomerate is the floor of Coire 

Reidh at c. 275m (Fig. 6.2), while the granite could have been derived 

from either the floor or backwalls of the corrie. The granite clasts are 
dominantly angular (ST-4, Figs. 6.5,6.8) suggesting that little 

modification occurred during transport. Because the nearest point of 

the granite outcrop is over 1 km upvalley from the sample site, it 

appears probable that most clasts were delivered to the site following 

high-level entrainment and transport. 

The above results demonstrate that subglacial entrainment of 
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Jurassic and basalt material contributed a large amount of debris to the 

moraines in upper Srath Beag and Coire Reidh. This suggests that the 
distribution of moraines may be a function of bedrock lithology. 
However, the lithological analysis shows that at some sites up to 44% 

of the clasts were transported from the upper parts of the basin. 
Therefore, it cannot be concluded that moraines would be absent from 

the area if significant subglacial entrainment had not occurred. 
Consequently, the possibility remains that some form of climatic 
control may have influenced moraine distribution. This theme will 
be examined in greater detail in Section 7.4.3. 

6.3 Srath Mör. north 

6.3.1 Loch Lomond Readvance limits 

At the Loch . Lomond Readvance maximum, ice flowing northwards 
along Srath Mör was confluent with the tidewater glacier that 
occupied Loch Ainort (Ballantyne 1989a; Section 5.4.1). As noted in 
Chapter 5, clear evidence for the glacier limit on the northern and 
western slopes of Am Meall . is intermittent. The limit is clearest 
adjacent to the northern termination of the Strollamus boulder train 
(A, Fig. 6.10) and at B (Fig. 6.10) where a chain of hummocks extends 
for c. 350m along the hillside. The uneven distribution of glacial 
deposits around the slopes of Am Meall does not appear to be the 

result of postglacial erosion, but may reflect the distribution of debris 

in the glaciers. 

The presence of a group of moraines at C-D (Fig. 6.10) shows that a 
lobe of ice spilled eastwards into the col between Am Meall and Glas 

Bheinn Bheag. The planform of the former lobe provides an 
interesting contrast with the line of the adjacent Strollamus boulder 

train, and adds support to the hypothesis that the train is not an 
ice-marginal feature (cf. Section 6.2.2). From the col, the Loch Lomond 
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Readvance limit is continued by a sharp drift limit that rises 
southwards across the slopes of Glas Bheinn Bheag (E, Fig. 6.10), 
indicating that the Srath Mör ice was confluent with a tributary tongue 
that was nourished in the valley of the Allt an t-Sithean, between 
Beinn na Cro and Glas Bheinn Bheag (Ballantyne 1989a; Fig. 4.7). The 

position of the western margin of the tributary tongue is not clear, 
particularly on the higher ground. However, trimline evidence 
suggests that on the crest of the northern ridge of Beinn na Cro the 

upper surface of the ice stood at c. 230m od. 

The slopes of Beinn na Cro and Glas Bheinn Mhör above Srath Mör 

are mantled by scree and sediment- gravity flows, and consequently 
the evidence for the upper limit of the Srath Mör glacier is unclear 
and discontinuous. Trimlines on the western side of the valley 
indicate that the Srath Mör glacier had a maximum surface altitude of 
c. 400m od in the vicinity of the col between Glas Bheinn Mhör and 
Belig, and suggest that ice flowed from the col into Srath Mör. 

Moraines cover a large part of the area that was occupied by the Srath 
Mör glacier. On the basis of morphology, the moraines can be divided 
into two main areas; (1) northern Srath Mör, where linear elements 
and chains are widespread; and (2) central Srath Mör, where linear 

elements' are uncommon. A detailed examination of the moraines in 

northern Srath M6r is given in Sections 6.3.2 to 6.3.5 below. The 

moraines in central Srath Mör are considered in Section 6.4.3. 

6.3.2 Moraine morphology 

The most striking feature of the moraines in northern Srath Mör is 

the presence of pronounced moraine belts, between which lie areas of 

small, scattered hummocks (Figs. 6.10,6.11). The overall planform of 

the belts, which are numbered 1 to 5, is shown in Figure 6.10b. 
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Belt 1, interpreted above as the Loch Lomond Readvance limit, 
includes the chain of hummocks on the slopes of Am Meall (B, Fig. 
6.10) and the group of moraines on the col between Am Meall and 
Glas Bheinn Bheag (C-D, Fig. 6.10). The largest moraines on the col are 
arranged in two to three parallel chains. The chains have a beaded 
form which is at least partly the result of incision by melt-water 
channels (eg. D, Fig. 6.10). To the west of the col lies an area of 
non-oriented hummocks (F, Fig. 6.10). 

The second belt extends for c. 1.5 km northwards from the foot of the 

north ridge of Beinn na Cro (G, H, I, J, Fig. 6.10). The moraines in the 
belt stand up to 10m high, and are varied in form (Fig. 6.12). The most 
frequently-occurring moraine forms are ridges, some of which have a 
beaded long profile (eg. H, Fig. 6.10). Most of the ridges are oriented 
parallel to the trend of the belt (eg. G, H, J, Fig. 6.10), although trans- 

versely-oriented ridges occur (eg. I, Fig. 6.10). A variety of hummocky 
forms occur in association with the ridges, including small one- or 
two-topped cones and large composite mounds. To the north of the 
termination of the belt at J (Fig. 6.10), only small, isolated hummocks 

occur. 

The third moraine belt trends parallel to the second, and lies c. 
200-400m to the west (K-L-M-N-O, Fig. 6.10). The highest point of the 
belt is at c. 50m od at K (Fig. 6.10) where it takes the form of broad, 
hummocky ridge. To the north of the ridge, the belt turns to the west, 

crosses the valley floor, and ascends to an altitude of c. 45m od on the 

slopes of Glas Bheinn Mhör (0, Fig. 6.10). The moraines on the valley 
floor stand up to 12m above the surrounding terrain, and consist of 
large composite mounds (M, Fig. 6.10) and beaded ridges (L, N, Fig. 

6.10; Fig. 6.13). The westernmost composite mound at M partially 

encloses a central depression, and is morphologically similar to the 

rim ridges described by Gravenor and Kupsch (1959) (cf. also Section 

5.2). The beaded ridges have asymmetic cross-profiles, with the steeper 

slopes lying to the north (Fig. 6.14). 
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The 300m long chain of hummocks that lies 100-200m to the west of 
the ridge at K (P, Fig. 6.10) comprises a poorly-developed fourth 

moraine belt. 

The largest moraine in northern Srath M6r occurs in belt 5 (Q, Fig. 
6.8), and is a ridge over 500m long and up to 18m high. The ridge is 

aligned parallel to the trend of the valley, and has an asymmetric cross 
profile, the east-facing slopes being the steeper (Fig. 6.14). 
Superimposed on the crest of the ridge is a number of smaller, 
transverse ridges with a relative relief of up to 2m. From the northern 
end of the ridge, the moraine belt continues as an intermittent chain 
of ridges and hummocks that rises to the north-north-east across the 

slopes of Am Meall (R, Fig. 6.10). 

To the west of belt 5 lies an area of linear moraine ridges and chains 

of hummocks. The ridges and chains are preferentially oriented 
west-south-west to east-north- east (Fig. 6.10). The orientation of some 
of the ridges (eg. S, Fig. 6.10) may be due to the fluvial dissection of a 
formerly continuous drift cover, although the ridges at T and U, and 
the chains of hummocks at V (Fig. 6.10) are clearly primary 
depositional forms. The moraines at T, on the northern ridge of Glas 

Bheinn Mhör (Fig. 6.10), are interpreted as medial features formed at 
the confluence of Loch Ainort and Srath Mör ice at the Loch Lomond 

Readvance maximum (cf. Section 5.4.1). 

The distribution and form of moraine belts 1-4 strongly suggests that 

they are end moraine assemblages that record successive retreat 

positions of the Srath Mör glacier. However, the position and 

orientation of moraine belt 5 clearly does not fit with this simple 
interpretation of events. Two alternative hypothesess for the genesis 

of belt 5 may be suggested: (1) the belt may be a longitudinal form, 

recording a concentration of debris in the ice that flowed northwards 

along Srath Mör, or (2) the belt may be an end moraine assemblage 
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marking a former margin of ice that flowed from Loch Ainort. 
Because hypotheses (1) and (2) invoke different ice-flow directions, 

they can be tested with reference to the distribution of erratics in the 

moraines. The distribution of erratics in northern Srath Mör forms 

the subject of the following section. 

6.3.3 Debris provenance and transport 

Superficial Boulders 
The lithology of 26 boulder samples is shown in Figure 6.15. Sample 

sites 1-3 are located on the lower slopes of Glas Bheinn Bheag, in the 

area that was occupied by the Allt an t-Sithean tributary ice tongue 
(Section 6.3.1). The samples consist entirely of granite boulders, 
derived from either the floor of the valley or the slopes of Glas Bheinn 

Bheag. Although Jurassic Bearreraig Sandstone crops out on the upper 
part of Glas Bheinn Bheag, no sandstone clasts are present in the 

glacial deposits, probably because the massive nature of the sandstone 
and the'low angle of the upper slopes served to limit subaerial debris 

production and transport. 

Samples 4-6 were taken from a linear train of'boulders that extends 
for c. 1 km north-north-east from the base of Beinn na Cro (T, Fig. 6.10; 
Fig. 6.15). The central part of the train consists entirely of eucrite 
boulders (Samples 4 and 6), although granite occurs at the margins 
(Sample 5). At the proximal end of the train, a sheet of massive eucrite 

crops out (Fig. 6.15), forming a series of roches moutonnees with 

vertical, joint-bounded lee faces. The position of the roches 

moutonnees relative to the reconstructed limits of the Loch Lomond 

Readvance indicates that the boulder train was formed following 

subglacial plucking in the zone of confluence between ice flow units 
(Figs. 6.1,6.10). The orientation of the inferred line of confluence 

suggests that Srath Mör ice over-rode the ice to the east (cf. Eyles and 
Rogerson 1978b), and that the boulders were elevated to an englacial 
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position along an inclined septum prior to deposition. 

Sample 7 was taken from close to the upper limit of the eucrite 

outcrop, above the roches moutonnees (Figs. 6.2,6.15). The sample is 
dominated by granite, although a small amount of basalt occurs. The 

most likely source for the granite is the western side of Beinn na Cro 
(Figs. 6.1,6.2). 

Samples 8,9 and 10, from moraine belt 2, and Sample 11, from 

moraine belt 1 (Figs. 6.10,6.15), contain granite, eucrite and basalt. The 

eucrite is clearly derived from Beinn na Cro, although it is unclear 
whether it was derived directly from the slopes of that hill, or was 
reworked from the boulder train. 

Eucrite is absent from Samples 12-15 (Fig. 6.15), suggesting that the 
debris in those localities was derived, from either the valley floor or 
the slopes of Glas Bheinn Mhör to the west of Srath Mör. By contrast, 
Samples 16-26, from the northern part of Srath Mör, all contain 
eucrite. The location of sample sites 16-18 on the northern ridge of 
Glas Bheinn Mhör and the presence of agglomerate in Sample, 19 
indicates that the debris was transported by ice that flowed from the 
upper parts of the Loch Ainort basin (cf. Section 5.4.2; Fig. 5.23). 

Thus, the distribution of superficial boulders supports the hypothesis 

that during the Loch Lomond Stadial ice from the Loch Ainort basin 
flowed into the northern parts of Srath Mör. Complementary 

evidence concerning the distribution and characteristics of subsurface 

clasts is presented below. 

Subsurface Clasts 
The composition of 19 samples of subsurface clasts from the 

moraines in Srath Mör is shown in Figure 6.16. Samples 1-6, from 

moraine belt 3, show that eucrite is present in the moraines on the 

east side of the valley (1-4), but absent from those on the west (5,6), 
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reflecting the geology of the catchment to the south. The most 
probable source for the eucrite and basalt in Samples 1-4 is the 
deeply-gullied western slope of Beinn na Cro (Figs. 6.1,6.2), and it is 
inferred that the material entered glacial transport following 

supraglacial entrainment. The basalt in Samples 5 and 6 may have 
been derived from the slopes of Belig (Figs. 6.1,6.2) or from minor 
intrusions within the granite on the floor or western slopes of Srath 
Mör. 

The origin of the granite in Samples 1-6 is uncertain. In Samples 1-4, 

a grey porphyritic microgranite occurs, which crops out as a chill facies 

of the Glas Bheinn Mhör epigranite on the western slopes of Beinn na 
Cro. However, similar microgranite was discovered in stream sections 
on the floor of Srath Mör, and it therefore cannot be regarded as a 
reliable indicator erratic. Suggestive evidence is provided by the 

characteristics of two samples of granite clasts, SM-5 from the western 
part of the moraine belt, and SM-6 from the eastern part (Figs. 6.10, 
6.17). The aggregate characteristics of the samples are closely similar to 
those of the 'periglacial' control samples, suggesting that the clasts 
were entrained supraglacially and subsequently passively transported. 
Alternatively, the limited evidence for modification of the clasts may 
indicate passive and/or short transport following subglacial 
entrainment. The importance of the valley sides as a debris source can 
be inferred from the abundance of scree and sediment-gravity flow 
deposits on the slopes of Glas Bheinn Mhör and Beinn na Cro. 

Samples 7 to 14 are from moraine belt 2, and Sample 15 from 

moraine belt 1. All of the samples contain eucrite, and all but two (10 

and 11) contain basalt. It is inferred that the material in the moraines 

was derived from the same source areas as that in the eastern part of 

moraine belt 3 (Samples 1-4). However, three samples of granite clasts 
(SM-1, SM-2 and SM-3, Figs. 6.10,6.17) have characteristics -that 
indicate a high proportion (c. 50-60%) of subglacially-modified 

material. The contrast between the characteristics of the samples and 
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those of SM-5 and SM-6 (Fig. 6.17) is difficult to explain simply in 

terms of probable transport distances, because moraine belt 2 lies only 
200-300m beyond moraine belt 3. One possibility is that SM-1, SM-2 

and SM-3 contain a component of debris inherited from earlier 
deposits (cf. Section 6.2.3). It may be suggested that if sediment existed 
on the floor of Srath Mör prior to the Loch Lomond Stadial, it would 
tend to be 'flushed out' and concentrated close to the margins of the 

readvance glacier. However, until techniques are available for the 

positive identification of reworked sediment, it is not possible to test 
this intriguing possibility. 

Samples 16-18 were taken from the large moraine ridge in belt 5. 
Eucrite occurs in Samples 16 and 18, but not in Sample 17, while basalt 

occurs in all three. These data are compatible with the distribution of 

superficial boulders (Figs. 6.15,6.16). The absence of eucrite clasts from 

sample sites 5 and 6 (Fig. 6.16), located directly upvalley from sample 
sites 16-18, strongly suggests that the material in moraine belt 5 was 
not derived from Srath M6r, but from the Loch Ainort basin. 

Eucrite and basalt also occur in Sample 19 (Figs. 6.10,6.16). The shape 
characteristics of a sample of granite clasts from the site (SM-4, Fig. 
6.17) indicate an admixture of passively- and actively-transported 
material, possibly the result of a complex transport history. 

In conclusion, during the Loch Lomond Stadial, ice from the Loch 

Ainort basin flowed into the northern parts of 'Srath Mör. 

Furthermore, the evidence suggests that the ice flow lines were 

approximately normal to the trend of moraine belt 5, and therefore 

supports the hypothesis that the belt marks the position of a former ice 

margin. 

The morphology of the large moraine ridge in belt 5 is significant in 

this respect. The asymmetric cross-profile of the ridge is similar to that 

of the ridges in moraine belt 3 (Fig. 6.14). In both cases the steeper 
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slopes occur on the distal sides of the ridges, suggesting that moraine 
belts 3 and 5 have a similar origin. It is possible that moraine belt 5 
formed at the same time as either moraine belt (2) or (3). ýIn either case, 
it is probable that the moraine belts record the retreat and separation of 
a confluent glacier system. The sedimentological evidence for the 

origin of the moraine belts and the intervening areas of hummocks is 

given in the following section. 

6.3.4 Glacial deposition and deformation 

Numerous shallow sediment sections are present in the moraines in 

northern Srath Mör. Without exception, the exposed material consists 
of sediment-gravity flow deposits, sometimes interbedded with fluvial 

gravels, sands or silts. Two of the best exposed sections, one from a 
hummock to the west of moraine belt 5 (SM-4), and one from moraine 
belt 3 (SM-6), are described below. 

Section SM-4 is located c. 350m west of moraine belt 5 at c. 15m od, 
where a large borrow pit has been cut right through a 4m high 
hummock. The constituent sediments are a series of interbedded 

matrix-supported diamictons, interpreted as sediment- gravity flows. 
In the uppermost units, where structural details are clearest, the beds 
have depositional dips that broadly parallel the surface slopes, giving 
the hummock an anticlinal structure. Details of the sediments that are 

exposed in the right-hand part of the section are shown in Figure 6.18. 

The uppermost unit forms a tabular sheet up to 0.75m thick, and 

exhibits several features that are typical of sediment-gravity flows 

(Section 3.3.5). At the base of the unit is a zone, 5-10 cm in thickness, of 

sheared, silt-rich sediment. In places, similar zones of sheared 

sediment rise rightwards, at angles of 15-200 to the base of the unit. 
Such zones are interpreted as former lines of shear that formed 

between upper, over-riding sediment and rigid or more 

slowly-moving material below, and suggest that the sediment flowed 
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towards the right. In the right-hand, distal part of the unit, a series of 
folds is picked out by distinct clast concentrations. The folds are 
interpreted as former flow noses and zones of shear. The unit overlies 
at least three similar sediment-gravity flows. 

The anticlinal structure of the hummock is typical of sediment 
bodies deposited in contact with inactive glacier ice (Paul 1983). 
Deposition from stagnant ice is also suggested by the absence of 
glaciotectonic structures in the section. 

The lithology of the clasts in the section shows that the material 
originated in the Loch Ainort basin (cf. Figs. 6.15,6.16). As noted in 
Section 6.3.3, the granite material consists of an admixture of actively- 
and passively-transported material. The presence of the 

actively-transported component is significant, because the height of 
the hummock indicates that basal debris was elevated by at least 4m 

within the parent ice. Two principal mechanisms serve to elevate 
basal debris within temperate glaciers (Section 3.3.4); (1) the upwards 
deflection of flow lines between confluent ice streams or in the lee of 
obstacles; and (2) the transport of debris along or above englacial shear 
planes located close to the glacier margins. Mechanism (1) can be 
discounted in the present context, because SM-4 lies at least 200m to 
the north of the inferred zone of confluence between the former Loch 
Ainort and Srath Mör ice streams, as determined from morphological 
evidence and the distribution of eucrite erratics. It is concluded that 

prior to depositition, at least part of the sediment in SM-4 was elevated 
in association with englacial shear planes. It may be speculated that 

shear occurred where slow-moving or stagnant marginal ice was 

over-ridden by active ice. 

The second section, SM-6, is located on the northern flank of a large 

beaded ridge in moraine belt 3 (Figs. 6.10,6.13,6.19). The section is 

divisible into two principal associations. The lower association 

consists of horizontally-bedded granule and cobble gravels that 
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interdigitate with trough-bedded gravels and sands. A unit of 
diamicton crops out in the lower left of the section, but due to the 
limited exposure, neither its origin nor its relationship to the 

overlying sediment could be established. The gravels and sands are 
interpreted as a bar and channel association, probably part of a 
proglacial outwash sequence. The upper bounding surface of the 

association is sub-horizontal, undeformed, and does not appear to be 

erosional. Above the bounding surface, the upper association consists 
entirely of a conformable sequence of sediment-gravity flows with 
apparent dips of 15-300 to the north-west. The form of individual flow 

units is clearly visible due to the presence of clast concentrations in the 
basal and distal parts of the units. Successive units progressively 
overstep the sand and gravel association below, and it is concluded 
that the section records the progradation of a debris fan over proglacial 
sediments. The beaded form of the ridge (Fig. 6.13) suggests that the 

moraine belt in this area consists of a series of such ice-marginal debris 
fans. 

The sediment-gravity flows in' the upper association could have been 
derived from either (1) debris exposed on the surface of the Srath M6r 

glacier; (2) remobilised debris from the moraine; or (3) a combination 
of the two (cf. Lawson 1982; Humlum 1985b; Krüger 1985). The height 

of the moraine ridge implies that the constituent debris was either (1) 
derived from high-level debris within or on the parent ice, or (2) 

elevated from the bed. Due to the predominantly unmodified nature 
of the granite clasts in the section (SM-6, Fig. 6.17), it is not possible to 
determine whether the material is passively-transported, far-travelled 

debris, or whether it was elevated from the bed close to the margin 
(Section 6.3.3). 

The presence of subglacially-modified granite clasts in moraine belts 

1 and 2 (SM-1, SM-2 and SM-3, Figs. 6.10,6.17) indicates that at these 

localities, debris must have been elevated from the glacier bed by some 

means. As for the debris in SM-4, such elevation may have occurred 
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in association with englacial shear planes, or alternatively, the 

material in the moraine belts may have been elevated en masse by 

glaciotectonic thrusting (cf. Krüger 1985; Sharp 1985a; Croot 1988b). 

Unfortunately, insufficient large sediment sections are present to 

establish whether glaciotectonic thrusting played a role in the 
formation of the moraine belts in northern Srath M6r. Some evidence 
for glaciotectonism is provided in a stream section in moraine belt 2 
(SM-7, Figs. 6.10,6.20). At the site, the stream has cut through c. 8m of 
glacigenic deposits and c. 1m of the subjacent rock. The glacigenic 
sediments in the section are badly slumped, and unfortunately the 
internal structure of the moraine belt could not be determined. 
However, the main point of interest in the section is the nature of the 
bedrock. 

The rock is a fine-grained facies of the Glas Bheinn Mhör epigranite, 
and is traversed by numerous closely-spaced joints. At the right-hand 
end of the outcrop, the granite has been partially disaggregated into 
joint-bounded blocks (A, Fig. 6.20). The blocks are supported in a 
diamictic matrix, which is similar in texture to the overlying 
sediment. The partially disaggregated area is separated from the more 
intact rock below and to the left by an inclined band of clast-rich 
diamicton (B-B, Fig. 6.20). The band dips to the west, normal to the 

orientation of the moraine belt, and the precise position and dip of the 
band appear to be controlled by the orientation of a major joint plane. 
To the left of the band is a joint-bounded block of granite, up to 1m 

thick. Below the block are a number of sub-horizontal bands of 

compact, foliated diamicton (C-C, Fig. 6.20). The bands are separated by 

lines of angular clasts, the a-b planes of which are oriented parallel to 

the foliae in the diamicton (Figs. 6.20,6.21). To the left (east) of the 

section, the bands are narrower and infilled with laminated silts (D, 

Fig. 6.20, Fig. 6.22). Tight folds within the silts (Fig. 6.22) indicate that 
deformation occurred following deposition. 
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Diamicton may infill bedrock joints under static pressure or during 

shear (Broster and Dreimanis 1981; Eyles et al. 1982; Sharp 1985a). That 
the bands in section SM-7 are zones of shear is suggested by the folds 
in the laminated sediments, the trains of angular clasts, and the 
compact, foliated nature of the diamicton (cf. Pedersen 1988). It is 
inferred that the granite blocks were displaced and disaggregated by 

over-riding ice. This point is complementary to the evidence from 
Srath Beag, that subglacial debris entrainment was important where 
the glacier substrate consisted of unlithified sediments or well-jointed 
bedrock. However, there is no evidence that the disruption of the 
bedrock occurred at the same time as the formation of the overlying 
moraine, and the role of glaciotectonic processes in the genesis of the 
moraine belts remains uncertain. 

6.3.5 Summary and discussion 

The moraine belts in northern Srath Mör are interpreted as 
ice-marginal moraines that formed during deglaciation. Moraine belt 5 
and part of belt 1 were apparently formed by ice that flowed from the 
Loch Ainort basin, while moraine belts 2,3 and 4, and the remainder 
of belt 1, were formed by the Srath Mör glacier (Fig. 6.10). 

The coarse material in the moraines was derived from (1) the slopes 
that overlooked the former glaciers, and (2) the glacier bed. It is 

possible to assign the provenance of the eucrite in the moraines to one 
or other of these sources, according to the position of the sample site. 
However, in most cases, the provenance of the granite material is 

considerably less certain. The characteristics of some of the granite 
material in the moraines suggests that some may have been reworked 
from pre-existing sediments. 

The evidence from SM-6 (Fig. 6.19) and other sediment exposures in 

the moraine belts indicate that debris reworking by subaerial 
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sediment-gravity flow and fluvial processes was important during 

moraine formation. Although there is no direct evidence that 

glaciotectonic processes played any role in the formation of the 

moraine belts, the possibility is suggested by the asymmetric 

cross-profiles of some of the moraines (Fig. 6.14) and the sheared 
bedrock in section SM-7 (Figs. 6.20,6.21,6.22). 

The presence of chaotic, hummocky topography between the 

moraine belts indicates that episodes of ice margin stagnation followed 

the formation of each belt. A component of the debris in the 
hummocks was apparently elevated from the glacier bed prior to 
deposition, possibly in association with englacial shear planes. 
Numerous shallow sections in the hummocks (eg. SM-4, Fig. 6.18) 

suggest that the principal process of deposition was sediment-gravity 
flow. 

The juxtaposition of the moraine belts and areas of hummocky 
ice-stagnation topography is similar to that reported from the 
forelands of surging glaciers in Iceland and Svalbard (Clapperton 1975; 
Croot 1978; Sharp 1982a, 1985a; Chapter 3). However, although the 

morphological evidence suggests the possibility that the Srath Mör 

glacier may have surged, corroborative evidence is lacking. Networks 

of low 'crevasse-fill' ridges, regarded by Sharp (1985b) as characteristic 
of surging glaciers, were not observed in northern Srath Mör, and no 

evidence was discovered for large-scale glaciotectonism. Futhermore, 

the boulder trains that formed at or close to glacier confluences in 

northern Srath Mör (T, X, Fig. 6.10) are linear in form, and there is no 

evidence of the 'looping' that is typical of medial moraines deposited 

by surging glaciers (cf. Meier and Post 1969; Driscoll 1980a; Croot 1988c). 

Therefore, the hypothesis that the moraine belts in northern Srath 

Mör resulted from a series of glacier surges is not supported by 

corroborative evidence. However, large moraine belts of Loch 
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Lomond Stadial age occur in a number of valleys in northern Scotland 
(eg. the Gharbhrain and Glen Oykel moraines; Sissons 1977b), and at 
such sites the bedrock geology and former glacier configurations may 
be more favourable to testing the intriguing possibility that glacier 
surges occurred in upland Britain during the Loch Lomond 
Readvance. 

6.4 The Loch Slapin basin 

6.4.1 Loch Lomond Readvance limits 

At the Loch Lomond Readvance maximum, a confluent system of 
glaciers flowed from the Bla'bheinn group, the southern parts of Srath 
Mör and Srath Beag, and Coire Sgreamhach into Loch Slapin and the 
adjacent low ground (Fig. 6.1). 

The eastern margin of the glacier system is marked by a series of 
lateral moraines that extend for c. 3 km from 240m od below Coire 
Sgreamhach (A, Fig. 6.23) to the present coast at Camas Malag (D, Fig. 
6.23). The moraines are particularly well developed between C and D, 

where two to three ridges are banked against a steep-sided granite 
escarpment. The ridges, which stand up to 5m high, are littered with 
boulders of locally-derived Outer Granite (cf. Fig. 6.2). Granite boulders 

are uncommon on the ground to the south, and it is inferred that the 

granite on the moraines was derived by plucking below the margin of 
the Slapin glacier. A local origin for much of the material in the 

moraine at D is also suggested by a sample of subsurface clasts, which 
contained 68% granite, 28% Cambro-Ordovician limestone, and 4% 
basalt. Far-travelled material is more abundant in the moraine at B 
(Fig. 6.23; Sample 1, Fig. 6.24), which contains large amounts of granite 
derived from the Beinn Dearg massif and Jurassic shale from the low 

ground at the head of the loch. 
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Offshore from Camas Malag, a prominent subaquatic ridge of granite 
boulders has been observed by divers (R. and J. McDonald, pers. 
comm. ). The ridge occupies a position very close to the glacial limit 
that was inferred by Ballantyne (1989a) on the basis of the terrestrial 
evidence. 

On the western side of Loch Slapin, the glacier limit is marked by a 
chain of moraine ridges and hummocks and a sheet of drift that is 
banked against the slopes of An Carnach (Ballantyne 1989a). 
Ballantyne showed that at the Loch Lomond Readvance maximum, 
ice nourished below Bla'bheinn flowed on both sides of An Stac and 
extended down Kilmarie Glen, to the west of An Carnach (3, Fig. 6.1). 

Moraines occur in four main areas of the Loch Slapin basin (Fig. 6.1): 
(1) below Beinn Dearg Mhör on the eastern side of Loch Slapin; (2) 
below Sgurr an Each on the western side of Loch Slapin; (3) in 
Kilmarie Glen; and (4) in central Srath Mör. The principal focus of the 
present study is the first of these areas, where the moraines form a 
striking suite of linear ridges (Fig. 6.23; Section 6.4.2). Areas (2) and (3) 

were not studied in detail, and are not described in the present thesis. 
Reconnaissance work indicated that in these areas, the moraines 
formed in a similar way to those on the eastern side of Loch Slapin. 
The distribution and significance of the moraines in central Srath Mör 
is discussed in Section 6.4.3. 

6.4.2 Eastern side of Loch Slapin 

A number of linear elements are present in the moraines on the low 

ground below Coire Sgreamhach (eg. A, E, F, Fig. 6.23). Collectively, 

the linear elements form a concentric series of discontinuous arcuate 
chains, which are littered with granite boulders. Granite, is also the 

sole constituent of clast samples from the moraines (Samples 2 and 3, 

Fig. 6.24), suggesting that the source of the debris was the Beinn Dearg 
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massif (Figs. 6.1,6.2). The moraines are interpreted as successive 
retreat positions of an ice mass that was nourished in Coire 
Sgreamhach, and apparently show the progressive separation of that 
ice from the main Slapin glacier. The initial line of separation lies 

along the crest of a limestone knoll (G, Fig. 6.23), indicating the 
importance of topographic control on the pattern of deglaciation. 

The pronounced drift bench and chain of hummocks and ridges to 
the west and south of the knoll (H-J, Fig. 6.23) are interpreted as lateral 

moraines deposited by the Slapin glacier, possibly contemporaneously 
with the formation of the moraine at E. By contrast, the drift limits 

around the limestone knolls of Cnoc Dubh and Leac nan Craobh (J, K, 
L, M, Fig. 6.23) appear to be unrelated to former ice margin positions. 
The drift, which is confined to the depressions between the limestone 
knolls, consists largely of compact, homogeneous diamicton with 
ubiquitous sub-horizontal joints and stringers, and is interpreted as 
lodgement till. 

The clast content of this till was sampled at three localities (Samples 
5,6 and 7, Fig. 6.24). Far-travelled granite and Jurassic shale are 
common, and local limestone occurs in smaller quantities. Granite 
from sample localities 6 and 7 was used for some of the lodgement till 

control samples (EGL-4, EGL-5 and EGL-6,, Figs. 4.11,4.16,6.25). 
Samples of Jurassic shale from the same localites (LS-1, LS-2, Figs. 6.23, 
6.25) are less 'blocky' than the granite samples, but contain similarly 
low amounts of angular material, indicative of subglacial abrasion. 
The nature of the till, and the lithology and characteristics of the 

constituent clasts all indicate that the debris was subglacially 
transported and deposited. It is suggested that the distribution of the 

till reflects topographically-controlled debris streaming at the glacier 

sole (cf. Boulton 1979). It is notable that the chain of moraines and 

granite boulders at J (Fig. 6.23) does not extend on to the limestone 

knoll to the south, possibly reflecting the availability of debris at the 
base of the ice. 
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The most striking area of lineated moraines on the east side of Loch 
Slapin closely coincides with the outcrop of lower Jurassic shales and 
sandstones (Figs. 6.2,6.23,6.24). Collectively, the moraines are similar 
in planform to those that occur on the Jurassic strata in Srath Beag (cf. 

Fig. 6.5). On the valley sides, the moraines form a series of 
closely-spaced sharp-crested ridges (eg. N, 0, P, Q Fig. 6.23), while on 
the lower ground, chains of massive ridges and mounds occur (eg. 

R-S, T, U-V, Fig. 6.23). The valley-floor moraines have a composite, 
beaded form and stand up to 20m high (eg. T, Fig. 6.23). The pattern 
and morphology of the moraines indicate that they formed at 
successive glacier margins during active deglaciation. The ridges on 
the south-east side of the assemblage (eg. N, 0, U, Fig. 6.23) are 
interpreted as marginal positions of the combined Srath Beag and 
Srath Mör glaciers, while the moraines to the north (W, X) and west 
(Q, Y, Z) apparently record the active retreat of the two glaciers 
following their separation (cf. Fig. 6.5). The large ridge at P (Fig. 6.23) is 

probably a medial moraine that formed between the glaciers. 

As may be expected, Jurassic clasts are abundant in the moraines (Fig. 
6.24). Samples 9 to 16, located in the best-developed area of the 

moraines, consist almost entirely of Jurassic clasts. At most of these 

sites the most common material is shale, although in places sandstone 
is more abundant. The characteristics of four samples of shale clasts 
(LS-3 to LS-6) are shown in Figure 6.25 (cf. Fig. 6.23). That some 
modification of the material occurred during transport and deposition 

is indicated by the abundance of edge-rounded, sub-angular clasts in 

the samples. However, in contrast with the lodgement till samples 
(LS-1, LS-2, Fig. 6.25), angular clasts are common and sub-rounded 

clasts rare, suggesting that most of the material did not undergo 

significant subglacial modification. The evidence therefore suggests 

that, in common with the Jurassic material in Srath Beag, much of the 

debris was entrained in a sub-marginal position. The characteristics of 

two samples of sandstone clasts from the moraines are consistent with 
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this interpretation (LS-7a, b, Fig. 6.26). Both samples contain 
approximately equal proportions of angular and sub-angular clasts, 
and sub-rounded clasts are rare or absent. Comparison of the samples 
with those from Srath Beag (Fig. 6.26) suggests a mixture of 
unmodified and partially-modified material. 

Another feature that the Loch Slapin moraines share with those in 
Srath Beag is the presence of far-travelled erratic clasts. Figure 6.24 

shows that erratic material is concentrated in two distinct locations. 

First, granite is the sole constituent of the samples taken from close to 
the upper limit of the moraines on the valley sides (Samples 17-21). 
The position of the samples suggests that the clasts were derived from 

the upper slopes of Beinn Dearg Mhör (Samples 17-19) and Beinn na 
Cro (Samples 20 and 21), rather than the from granite that crops out on 
the floor of upper Srath Beag. The slopes of both hills are mantled by 

talus and sediment-gravity flows (Figs. 6.4,6.24), and it is inferred that 

granite debris was delivered to the ice surface by subaerial slope 
processes. 

The second concentration of erratic material occurs on the low 

ground adjacent to the shore of Loch Slapin (Samples 22-25, Fig. 6.24). 
The erratic material in the samples consists of granite, basalt and 
eucrite. The location of the erratics on the low ground suggests that 
the basalt and eucrite was derived from the slopes of Belig on the 

western side of the Loch Slapin basin (cf. Figs. 6.1,6.2). The only other 

possible source, the western slopes of Beinn na Cro, almost certainly 
lay to the north of the Srath Mör ice-shed (cf. Ballantyne 1989a). The 

origin of the granite is less certain; it may have been derived from the 

Coire Uaigneich epigranite on Belig or from the floor of Srath Mör. 

In conclusion, the moraines consist largely of locally- derived Jurassic 

material, with an additional input of debris from the valley sides and 

possibly the floor of Srath Mör. The characteristics of the Jurassic 

material suggest that most debris entrainment occurred below the 
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glacier margins. The moraine pattern is interpreted as evidence of 
active retreat during deglaciation. 

Numerous exposures of sediment-gravity flow deposits show that 
debris reworking was important during moraine formation. However, 

the sediment exposures that were available for study were too shallow 
to reveal the internal structure of the moraines, and the mechanisms 
of moraine formation could not be determined. 

6.4.3 Central Srath Mör 

The character of the drift cover in the central part of Srath Mör 
differs markedly from that of the moraines to the north and south that 

were described in Sections 6.3 and 6.4.2. The axis of the valley is 

occupied by alluvial terraces, while the lower slopes of Beinn na Cro, 
Belig and Glas Bheinn Mhör are covered by a thick, irregular drift 

sheet, the limits of which are shown in Figure 6.1. Large, linear 

moraine forms occur only close to the limits of the drift sheet, such as 
at G and H (Fig. 6.1) where sharp-crested ridges and chains of 
hummocks are aligned parallel to the edge of the sheet. Elsewhere, the 
drift consists of a series of dissected, sub-horizontal terraces (Fig. 6.27). 
The terraces contrast with the sloping valley-side benches that occur 
elsewhere in the area that was occupied by the eastern transection 

complex, and their distribution is incompatible with probable margin 
positions of an actively-retreating glacier. In places the surfaces of 
individual terrace fragments grade laterally into hummocky 

topography. 

Excellent sections occur at I (Fig. 6.1), where two deep, parallel gullies 

cut through the drift. The gullies, which are 200m long and up to 4m 

deep, expose stacked series of tabular matrix-supported diamicton 

sheets interbedded with coarse openwork gravels. These are 
interpreted as sediment-gravity flows and fluvial deposits respectively. 
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The overall dip of the units parallels the ground surface, indicating 

that they were deposited as a debris fan (cf. Chapter 5). Some of the 

units have deformed, undulating bounding surfaces, which may 
record ice-contact deposition or loading by overlying sediments. 

A further good section occurs on the valley floor at J (Fig. 6.1), where 
two principal lithofacies associations are exposed (Fig. 6.28). The 

uppermost association consists of horizontally-bedded sands and 
gravels which overlie a planar erosion surface. The sand and gravel 
units are interpreted as fluvial bar forms, and the association 
apparently records Postglacial alluvial sedimentation. The second 
association, which has been truncated by the erosion surface, is 

composed of interbedded sediment-gravity flows and silts, sands and 
gravels. Collectively, these sediments have a laminated appearance, 
and have been deformed into a series of sag folds (Fig. 6.28); they are 
interpreted as the product of melt-out and/or reworking of debris in 

association with inactive ice. 

The dissected, terraced appearance of the drift in central Srath M6r, 

and the character of the constituent sediments, suggest that deposition 
took place in association with an inactive, downwasting ' ice mass. This 
interpretation is compatible with the overall planform of the drift 

sheet (Fig. 6.1). On the east side of the valley, the upper limit of the 
drift maintains an almost constant altitude of c. 50m od, while on the 

west side, the drift limit has a maximum altitude of c. 150m od in the 

shallow embayment between Belig and Glas Bheinn Mh6r, from 

which it descends obliquely to the north and south. The drift limit is 

interpreted as the extent of a mass of ice that stagnated in situ in the 
final stages of the deglaciation of Srath M6r. It is inferred from the 

character of the sediments at I (Fig. 6.1) that debris was delivered to the 

surface of the ice from the deglaciated valley sides upslope (cf. Sections 

5.2.2,5.3.2). 

The foregoing represents the only evidence that was discovered in 
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the course of the present study for widespread in situ glacier 
stagnation. It is suggested that stagnation occurred because during 
deglaciation the ice mass became separated from its last remaining 
accumulation area in the small, perched corrie to the north of Belig (L, 
Fig. 6.1). The low altitude of the floor of Srath Mör allowed the glacier 
surface to decline until snow accumulation was insufficient to 

maintain an active system. 

The paucity of high accumulation basins has important implications 
for the build-up of ice in Srath Mör at the onset of the Loch Lomond 
Readvance. Three possibilities may be suggested to account for the 

presence of a glacier in Srath Mör during the Loch Lomond Stadial. 

(1) Mean annual temperatures may have been very much lower in the 

early part of the Stadial than they were at the Loch Lomond 
Readvance maximum, and the snowline correspondingly lower. 

(2) Srath Mör could have been filled with northwards- flowing ice that 
was nourished in the Bla'bheinn group. Under this explanation, 
ice-flow directions could have become re-oriented once the ice surface 
in Srath Mör was sufficiently high to function as a snow accumulation 
area. 

(3) Glacier ice could have survived in Srath Mör throughout the 
Lateglacial Interstadial, to become re-activated upon renewed climatic 
deterioration. 

Possibility (1) can be rejected on two grounds. First, there is no 
independent palynological evidence for very cold conditions at the 

onset of the Loch Lomond Stadial in north-west Scotland (Lowe and 
Walker, in preparation). Second, with the exception of those that 

occupied the Cuillin Hills, few glaciers existed on Skye during the 

Loch Lomond Readvance (Ballantyne 1989a, 1990a), despite the 

presence of many areas more favourable to glacier accumulation than 
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the floor of Srath Mör. It does not appear to be possible on present 

evidence to eliminate either of possibilities (2) or (3), although 
Sutherland (1984a, p. 210) suggested that '... it is not unreasonable to 
infer some glacier survival in the western Highlands during the 
Lateglacial Interstadial'. 

6.5 Summary 

The evidence presented in this chapter complements and extends 
the results that were reported in Chapter S. In particular, the following 

points can be made. 

(1) Debris derived from the valley sides was entrained in the lateral 

parts of the former glaciers. 

(2) In addition to the above, material was supplied to the glaciers from 
two sources on the valley floors; (a) bedrock, and (b) unconsolidated 
sediments. 

(3) The entrainment of bedrock on the valley floors was apparently 
controlled by bedrock structure. The well-bedded Jurassic strata in 
Srath Beag and around Loch Slapin yielded large amounts of material. 
In addition, evidence exists for subglacial plucking from (a) 
deeply-jointed eucrite and epigranite in northern Srath Mör and (b) 

granite below the former margin of the Slapin glacier. 

(4) Clear evidence for the incorporation of pre-existing sediments in 

Loch Lomond Readvance moraines exists in the Strollamus area. In 

the moraines close to the inferred limit of the Readvance, the 

component of such reworked debris is considerable. It was possible to 
detect the reworked debris component in the Strollamus area because 

the direction of ice movement during the Loch Lomond Readvance 

differed markedly from that during earlier ice sheet conditions. Where 
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such a situation did not occur, it may only be possible to infer the 
presence of reworked unconsolidated sediment from indirect 

evidence. 

(5) The characteristics of clast samples from the Loch Lomond 
Readvance moraines suggests that the entrainment of bedrock 

materials took place principally below the margins of the glaciers. 

(6) The precise mode of formation of the moraine ridges and moraine 
belts remains inconclusive, due to the scarcity of deep sections (cf. 
Chapter 5). However, debris reworking by sediment-gravity flow is 
known to have been important. Although the form of some of the 
moraines suggests that glaciotectonic processes may have played a role 
in their formation, direct structural evidence for this is lacking. 

(7) The evidence at Strollamus that areas of chaotic moraines were 
deposited during ice-sheet deglaciation demonstrates that 'hummocky 
moraine' is, in itself, not a reliable indicator of the limits of the Loch 
Lomond Readvance. Accurate delimitation of the limits of the 
Readvance requires the use of multiple criteria. 

(8) The glaciers in the study area remained active during the initial 

stages of deglaciation, and the transection complex became separated 
into a number of independent glaciers that retreated towards their 

respective accumulation basins. The evidence suggests that during 

glacier retreat, a change occurred in the style or pace of deglaciation. 

(9) The sediments and landforms in central Srath Mör are interpreted 

as evidence that during the final stages of deglaciation, in situ glacier 

stagnation occurred in topographically-favourable locations. 

Some of the above themes are developed further in the following 

chapter. In particular, attention is focused on the influence of bedrock 

structure on debris supply during the Loch Lomond Readvance, the 
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evidence for subglacial debris transport mechanisms, and the pattern 
and style of deglaciation. 
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Fig. 6.3 The Bla'bheinn group from the eastern side of 
Loch Slapin. 
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Fig. 6.4 Beinn na Cro from the slopes of An Carnach. Srath Mör 

lies between Beinn na Cro and Glas Bheinn Mhör to the left. 
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Iurassic 

Fig. 6.6 Boulder lithology in lower Srath Beag. 
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Fig. 6.7 Lithology of subsurface clasts in Srath Beag and lower 

Coire Reidh. 
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Fig. 6.9 ST-6: structure and lithofacies. 
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Fig. 6.11 The moraines in part of northern Srath Mör from the 

eucrite outcrop on the northern ridge of Beinn na Cro. Moraine 

belt 2 is particularly prominent as a curving band leading round 
from the shaded crag on the left of the picture. 
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Fig. 6.12 Looking along moraine belt 2 towards Beinn na Cro. 
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Fig. 6.13 Large beaded ridge in moraine belt 3 on the floor of 
Srath M6r, looking south (L, Fig. 6.10). Section SM-6 is in 

shadow right of centre. Beinn na Cro is on the left. Note the 

gullied area, which is underlain by rafted basalts and eucrites. 
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Fig. 6.15 Boulder lithology in northern Srath Mör. 
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Fig. 6.16 Lithology of subsurface clasts in northern Srath Mör. 
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Fig. 6.17 SM-l, SM-2, SM-3, SM-4, SM-5 and SM-6: 

clast characteristics. 
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Fig. 6.18 SM-4: detail of sediment-gravity flows exposed at the 

right-hand end of a large section through a hummock. 

Fig. 6.19 SM-6: structure and lithofacies. 
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i 

Fig. 6.21 SM-7: detail of diamicton bands and train of rock 
fragments. Lens cap for scale. See Fig. 6.20 for location. 

Fig. 6.22 S'\1-7: detail of deformed laminated silts in the 

left-hand side of the section. Lens cap for scale. 
See Fir,. 6.20 for location 
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Fig. 6.23 Moraine pattern and distribution on the east side of 
Loch Slapin. 
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Fig. 6.26 LS-7: Jurassic sandstone last characteristics. 
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Fig. 6.27 The west side of central Srath Mör from near the 

summit of Beinn na Cro. Note the numerous discontinuous 

sub-horizontal terraces on the lower slopes. 
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Chapter Seven 

The Independent Corrie Glaciers 

7.1 Introduction 

Chapters 5 and 6 have demonstrated that bedrock lithology and 
structure exerted a major control on the morphology and distribution 

of the moraines that were deposited by the eastern transection 

complex during the Loch Lomond Stadial. In particular, it was shown 
that areas of thick ice-marginal sediments (including those hitherto 

mapped as 'hummocky moraines') occur in association with 
structurally weak lithologies, such as felsite, certain epigranites and 
Jurassic sedimentary rocks. Although massive, resistant rocks crop 
out in parts of the areas that were occupied by the eastern transection 

complex, such rocks underlie a relatively small proportion of the 
basins (Figs. 5.2,6.2), and their contribution to the debris load of the 
former glaciers was generally of only local significance. The present 
chapter is concerned with the characteristics of moraines that occur in 
basins that were wholly or predominantly underlain by resistant 
lithologies, allowing the work on the eastern transection complex to 
be placed in a wider context. 

In all, nine corrie basins in the Cuillin Hills were investigated, three 

on the Inner Granite in the Eastern Red Hills and six on the basic 

plutonic rocks of the western Black Cuillin (Figs. 4.3,4.7). In addition, 
supplementary data were collected from four corries (underlain by 

Torridon Sandstone) on the adjacent mainland of Scotland. 

Sections 7.2 and 7.3 present an area by area account of the 

morphology, sedimentology and distribution of the moraines in the 

nine Cuillin corries. This is followed by discussions of three topics of 
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particular significance: (a) the relationship between debris supply and 
basin topography; (b) the relative importance of different 

mechanisms of glacial debris transport; and (c) the implications of 
moraine distribution for the pace and style of glacier retreat. 

7.2 Eastern Red Hills 

7.2.1 Topography and geology 

Three of the corries in the Eastern Red Hills held independent 

corrie glaciers during the Loch Lomond Stadial (Walker et a!. 1988; 

Ballantyne 1989a; Fig. 4.7). Two of the corries, Coire Seamraig and 
Coire Fearchair, are shallow forms on the northern flanks of Beinn 

na Caillich (732m), and the third, here termed the Coire Gorm basin, 

is larger and consists of an east-facing bowl fringed by the summits of 
Beinn Dearg Mhör (709m) and Beinn Dearg Bheag (582m) (Fig. 7.1). 

The hills on which the corries occur rise abruptly from the 

surrounding terrain and are underlain by the boss-shaped Inner 

Granite (Section 6.1, Figs. 6.2,7.2). Much of the granite is 

coarse-grained and more massive than is typical of many of the 

epigranites in the Skye Red Hills. Many of the hillslopes are mantled 
by coarse, bouldery debris, and free faces are present around the 
backwalls of the corries, particularly on the north- and east-facing 

slopes. However, parts of the granite intrusion are fine-grained and 

closely-jointed, and in such places (eg. the northern and eastern 

slopes of Coire Gorm) diamictic weathering products have supplied 

material for widespread sediment-gravity flow deposits. Ice-scoured 

bedrock occurs in the upper parts of the corrie floors, and the upper 
limit of subglacial erosion is usually well defined. The lower corrie 
floors contain large quantities of glacially-transported debris, bounded 

by clear lateral and terminal moraines. The moraines and their origin 
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are discussed in Sections 7.2.2,7.2.3 and 7.2.4. 

The hills are bounded to the north by an area of ice-scoured upland 
underlain by the Outer Granite, extrusive basalts, gabbro and 
Torridonian sedimentary rocks (Figs. 7.1,7.2). With the exception of 
the areas that were occupied by the Loch Lomond Readvance glaciers, 
drift cover is usually discontinuous and consists largely of scattered 
boulders. The carry of erratics and the orientation of striae show that 
ice-sheet flow in the area was towards the north-west (cf. Chapter 6). 

To the east of the hills lies the low-floored valley of Strath Suardal. 
The south-western portion of Strath Suardal is underlain by 
Cambro-Ordovician limestones and dolostones, and the lower 

reaches of the valley by Jurassic sandstones and shales. A Lateglacial 

pollen site at Loch Cill Chriosd (Fig. 7.1) was discovered by Birks 
(1973) and investigated further by Walker and Lowe (1990). Walker 

and Lowe recorded marine mollusca at the base of the succession, and 
inferred that during the Lateglacial, the floor of Strath Suardal had 
been inundated by the sea. Evidence for high Lateglacial sea-levels in 
the area is also provided by raised shorelines and beach gravels at 
altitudes of over 20m od in lower Strath Suardal and adjacent to the 
coast near Strollamus (Fig. 7.1). Ice-sheet flow in Strath Suardal was 
towards the south-west. 

The ground between Loch Cill Chriosd and Beinn Dearg Bheag is 

underlain by pyroclastic rocks and an incomplete ring-dyke of 
intrusive rocks known as the Kilchrist Hybrids (Fig. 7.2). These rocks, 
which have weathered into craggy hills, are the remnants of a caldera 
that predates the final cooling of the Inner Granite. Low rock walls 
are present, particularly on the slopes that overlook the terminal area 
of the former Coire Gorm glacier. 

The following sections deal in turn with the glacial deposits in 
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Coire Seamraig, Coire Fearchair and the Coire Gorm basin. 

7.2.2 Coire Seamraig 

Clear end moraines and boulder lines mark the limit of a small 

glacier that flowed from Coire Seamraig, the shallow north-facing 

corrie of Beinn na Caillich (Fig. 6.5). The deposits define a continuous 

arc that rises from 160m od to 335m od, and show that at its 

maximum, the glacier spread as a small piedmont lobe on the 

unconfined ground below the corrie. The moraines are most distinct 

within 200m of the glacier limit, where they consist of undulating 
bouldery ridges that stand 2-3m above the adjacent ground. In 

planform, the ridges are usually linear or curvilinear, and- short 

radially-oriented ridges and re-entrants occur (W, X, Fig. 6.5). The 

radial forms possibly record the location of crevasses in the former ice 

margins (cf. Matthews et al. 1979; Sharp 1984). At distances greater 
than 200m from the glacier limit the moraines and boulder lines. are 
less distinct and consist of diffuse arcs of hummocks and boulders (Y, 

Z, Fig. 6.55). 

The deposits of the glacier consist entirely of angular blocks of Inner 
Granite, which crops out above c. 250-300m od (Fig. 7.2). Most of the 

area occupied by the moraines is underlain by basalt and Outer 
Granite, and the absence of these rocks in the moraines demonstrates 

that the terminal areas of the Seamraig glacier were non-erosive, in 

contrast with the Jurassic-floored outlet glaciers that were discussed 

in Chapter 6. A subglacial origin for the granite boulders, which are 
typically 0.5-2m in length, appears unlikely. Outcrops of granite 
bedrock on the floor of the upper corrie consist of 

uniformly-smoothed slabs, and evidence for plucking is absent. The 

most probable source for the boulders is the backwall of the corrie, 

which consists of extensive discontinuous rock walls. The rock walls 
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are traversed by. numerous deep open joints which define blocks 

similar in size to those on the moraines and boulder lines. Three sets 
of major joints are present, aligned (a) at a low angle dipping towards 
the corrie floor, (b) at a high angle dipping into the slope, and (c) 

normal to (a) and (b). This joint distribution defines conditions 
conducive to toppling failure (de Freitas and Watters 1973; Addison 
1981), which is inferred to have been the principal cause of debris 
delivery to the glacier. A quantity of rockfall debris may have 

collected on the corrie floor prior to the Loch Lomond Readvance, 

and entered glacial transport at the ice base. 

The moraines and boulder lines mark successive positions of the 
Seamraig glacier as it retreated into the upper corrie. In the initial 

stages of deglaciation, the north-western areas of the glacier margin 
(W, Fig. 6.3) retreated a net distance of 100-200m, while no net retreat 

occurred along the north-eastern part. Two reasons may be suggested 
for this pattern. First, the uneven net retreat may be due to 

aspect-related differences in the activity of the glacier margins. 
Second, it is probable that topographic factors were important, and as 
the glacier thinned it may have been deflected increasingly to the 

north-east by the slope of the terrain. 

The precise mode of formation of the moraines and boulder lines is 
difficult to determine. A priori, it may be supposed that the initial 

release of debris from the glacier was by dumping. However, the 

subsequent role of ice push in moraine formation is uncertain, 

although an interesting speculation can be made based on the 

contrast between the distinct ridges close to the glacier limit and the 
diffuse features that occur further up-corrie. It is suggested that the 
diffuse boulder lines (Y, Z, Fig. 6.3) resulted solely from the dumping 

of debris from the glacier margin as it paused or slowed during 

retreat, and that the clearer, earlier ridges record the additional effects 

of ice push. If this idea is correct, then it implies that a change in the 
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regime of the Seamraig glacier occurred during retreat, characterised 
by a transition from (a) marginal oscillation in the period 
immediately following the glacier maximum to (b) pulsed but 

uninterrupted retreat. Unequivocal evidence for marginal oscillation 
following the Loch Lomond Readvace maximum is presented in the 
following section. 

7.2.3 Coire Fearchair 

The glacial depositional landforms in Coire Fearchair are similar in 

many respects to those in Coire Seamraig, and consist of a number of 

arcuate moraine ridges composed entirely of granite boulders (Fig. 

7.3). The downslope limit of the moraines is at 213m od, and the 

upslope limit is at 370m od on the north side of the corrie and 400m 

od on the south. In most places the moraine ridges stand 1-2m high, 

but in the south-east the debris forms a massive rampart with a distal 

slope of 20m (A, Fig. 7.3). At its margins (B, C, Fig. 7.3) the rampart 

oversteps and incorporates a smaller, earlier ridge showing that the 

rampart is, at least in part, a composite feature. 

The area that was occupied by the Fearchair glacier is underlain 
entirely by- Inner Granite, and lithological evidence cannot be used to 

establish the provenance of the debris in the moraines. However, it is 

probable that subglacial erosion of boulder-sized material was 
unimportant because, as in Coire Seamraig, no evidence exists for 

plucking on the outcrops of glaciated bedrock in the corrie. The 

position of trimlines shows that the glacier surface was overlooked by 

rock walls, particularly on the north-facing side of the corrie (Fig. 7.3). 

The rock walls attain a maximum relief of 200m, and consist of a 

series of unstable and deeply jointed buttresses, towers and gullies, 

and it is inferred that rockfalls constituted the principal source of 
debris to the glacier. Major and/or frequent rockfalls from the 
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north-facing slopes may have contributed to the large size of the 
moraine rampart at A (Fig. 7.3). A full consideration of the influence 

of rock wall distribution on debris supply is given in Section 7.4. 

The pattern of moraine ridges on the corrie floor shows the position 
of the glacier at five stages of retreat. As for the Seamraig glacier, 
marginal retreat was spatially uneven, and the moraines record net 
retreat of the northern margin (D, Fig. 7.3) by up to 250m with no 
corresponding net retreat on the southern side. The retreat pattern 
was probably topographically controlled. During deglaciation, the 
thinning glacier was confined increasingly to the corrie floor, and 
lateral movement to the north was restricted by the presence of the 
bedrock spur at D (Fig. 7.3). A significant consequence of the 
topographically- controlled changes in glacier geometry is that the 

glacier overstepped earlier retreat positions adjacent to the corrie axis 
(E, Fig. 7.3). Two important implications follow from this fact. First, 

the pattern provides clear evidence that part of the margin 
readvanced during deglaciation. The magnitude of the readvance 
cannot be ascertained, but apparently was at least 50m along the corrie 
axis. Second, the truncation of earlier moraines demonstrates that the 

ridge at E (Fig. 7.3) was formed, at least partly, by 'bulldozing' of 
proglacial sediments. The morphological similarity of the ridge at E to 
those elsewhere in the corrie and in Coire Seamraig lends support to 
the hypothesis that ice push was an important mechanism of 
moraine formation during the earlier stages of deglaciation. The 

upper parts of the corrie floor are littered with a chaotic spread of 
boulders, which suggests that the later stages of deglaciation were not 
interrupted by stillstands or readvances. 

7.2.4 The Coire Gorm basin 

The Coire Gorm basin 'is considerably larger, and has a more 



282 

complex form than Coire Seamraig and Coire Fearchair. The basin 

consists of a U-shaped trunk valley, Coire Gorm proper, below which 
the ground falls to a lower bowl, Coire Beithe (Fig. 7.3). The upper 
part of the basin is divided into two parts, the east-facing head of the 
trunk valley, and a small subsidiary corrie, Coire Odhar. The basin is 
flanked by steep debris-mantled slopes, except where rock walls occur 
on the north- and east-facing sides of Coire Odhar. 

A series of moraines defines the maximum extent of a glacier that 
flowed from Coire Odhar and Coire Gorm and spilled on to the low 
floor of Coire Beithe (Fig. 7.3). On the north, the glacier limit is 

marked by a lateral moraine that descends obliquely downslope from 
230m od to 150m od (F-G, Fig. 7.3). The limit is continued by an 
arcuate chain of moraine ridges and hummocks that terminates at 
60m od adjacent to the river that drains the corrie (H, Fig. 7.3). To the 

south of the river is a massive, kettled moraine ridge c. 350m in 
length (I, Fig. 7.3). Where the ridge abuts the steep ground further 

west, the glacier limit is continued by a thick spread of kettled, 
hummocky drift that is banked against the slope (J, Fig. 7.3). Within 
the area defined by the terminal and lateral moraines, discontinuous 

arcuate chains of hummocks and ridges apparently mark successive 
retreat positions of the glacier. Further retreat of the glacier into Coire 
Gorm is recorded by a series of clear linear lateral moraines on the 

northern valley side (K, Fig. 7.3) and a spread of boulders on the 
southern. 

Two prominent longitudinally-oriented drift ridges occur in Coire 
Gorm (L, M, Fig. 7.3). The larger of the two is composed of bouldery 
debris, is sharp-crested, and is 500m long (L, Fig. 7.3). The ridge stands 
15m high at its distal end, where the relief has been accentuated by 

the downcutting of the two adjacent streams. In its central and 
proximal portions the ridge is entirely constructional and is 1-3m 
high. The ridge is interpreted as a medial moraine that formed in the 
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zone of confluence between ice flowing from Coire Odhar and the 
head of Coire Gorm. The stream incision at the proximal end of; the 
ridge shows that a thickness of c. 5m of sediment underlies the 
moraine. No sections were available for study, and the origin of the 
sediment is unclear. Three alternative hypotheses may be suggested. 
The sediment could represent (1) the former englacial and 
supraglacial debris load of the glacier; (2) melt-out till derived from 
basal ice; or (3) lodgement till. The first hypothesis is considered 
improbable because the deposition of large amounts of supraglacial 
and englacial debris is incompatible with the smooth surface form of 
the ground adjacent to the moraine, and the clear definition of the 
moraine itself. Hypothesis (2) may be rejected on theoretical grounds, 
due to the severe restrictions on the thickness of basal debris-rich ice 
in temperate glaciers (Boulton 1978). The third hypothesis is 

considered the most probable, and the material is interpreted as 
subglacially-' deposited sediment upon which the medial moraine 
was superimposed. Former subglacial sediment deformation is 

recorded by the 1m high, 180m long longitudinally- oriented flute 
located at the head of Coire Gorm (M, Fig. 7.3). 

A rampart of drift 1m high occurs on the floor of Coire Odhar (N, 
Fig. 7.3). The slopes above the rampart have a pronounced low-angle 
basal concavity, and culminate in a discontinuous 60m high rock 
wall. The morphology and setting of the feature are similar to those 

of the rampart described from the slopes of Beinn Dearg Mheadonach 
in the Western Red Hills (Section 5.1, Fig. 5.3) and it is interpreted as 
a snow-avalanche impact form. The formation of the rampart clearly 
post-dated complete deglaciation of the corrie, but its presence 
suggests that snow-avalanching may have been an important agent of 
subaerial debris transfer during the Loch Lomond Stadial. 

The whole of Coire Gorm proper and Coire Odhar are underlain by 

Inner Granite, and consequently it is not possible to determine the 
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provenance of the granite debris in the moraines. However, the 

moraines on the floor of Coire Beithe are underlain by pyroclastic 
rocks and Cambro-Ordovician limestones, and it was possible to 

establish whether these rocks contributed any additional debris to the 

glacier. Clast samples were taken at five localities in the outermost 
moraines (Fig. 7.4). Granite clasts occur in all of the samples, and 
form the sole constituent of samples 4 and 5 and 96% of sample 3. 
Samples 1 and 2, taken from sites located in the massive southern 
terminal moraine, contain significant quantities of Kilchrist Hybrid 

rocks, which account for 52% of the clasts in sample 1. The Kilchrist 
Hybrids do not crop out in the area that was occupied by the Coire 

Gorm glacier, but underlie the craggy slopes to the south. It is 

concluded that debris fell from the slopes on to the ablation area of 
the glacier, where it underwent a small amount of transport prior to 
deposition. The input of such material constituted a significant 
increase in the debris load of the glacier, and accounts for the large 

size of the moraine on the south side of the river compared to the 

moraines on the north (Fig. 7.4). It is notable that the inner moraines 
on both sides of Coire Beithe are of similar size, reflecting the fact that 

as the glacier retreated it was no longer in contact with the source of 
additional material. The scarcity of pyroclastic rocks and the absence 
of limestone in the outer moraines demonstrates that the terminal 

area of the Coire Gorm glacier was essentially non-erosive. 

The characteristics of a sample of granite clasts from Locality 1 (Fig. 

7.4) are shown in Figure 7.5. The clasts are dominantly sub-angular, 

although 30% of the sample is angular or very angular. Taken 

together with the form characteristics of the sample, the data indicate 

that the material is a mixture of unmodified and subglacially-abraded 
debris, with a predominance of the latter. It is concluded that granite 
debris was transported to the site in both subglacial and 

englacial/supraglacial positions., 
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No good sections exist in the moraines, and it was not possible to 
investigate the mechanisms that were responsible for the deposition 

of the debris. A number of small scars in the moraines expose 
diamicton, indicating that, in contrast with Coire Seamraig and Coire 

Fearchar, fine-grained material is present. The presence of fines in the 

moraines may be due to (1) the delivery of diamictic material to the 
former glacier surface from the valley sides, or (2) the comminution 

of debris at the glacier sole, possibly in a layer of deforming sediment. 
Mechanisms of basal debris transport are condidered further in 

Section 7.4.2. 

7.3 The Black Cuillin 

7.3.1 Topography and geology 

During the Loch Lomond Stadial, glaciers developed in the six 
corries on the western side of the Black Cuillin (Sissons 1977a; 
Walker et al. 1988; Ballantyne 1989a). From north to south, the corries 
are: Coire na Creiche, Coire a' Ghreadaidh, Coire na Banachdich, 
Coire Lagan, Coir' a' Ghrunnda, and Coire nan Laogh (Fig. 7.6). The 
broad floor of Coire na Creiche slopes gently down to form the head 

of Glen Brittle, which curves southwards along the base of the 

mountains to the sea at Loch Brittle. Coire a' Ghreadaidh and Coire 

na Banachdich are hanging corries that are perched above Glen 

Brittle, and the remaining three corries lie above the peninsula that 

extends between Loch Brittle and the Soay Sound. 

The low ground adjacent to the mountains, in common with large 

areas to the west and north, is underlain by extrusive basalts, which 
form a subdued terraced landscape. The abrupt break of slope below 

the Black Cuillin closely follows the boundary between the basalts 

and the intrusive rocks of the Cuillin Complex (Section 4.3.1; Figs. 4.3, 
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7.7). The successive generations of intrusion tend to exhibit 
differences in large-scale weathering characteristics, and influence the 

gross morphology of the range. For c. 6 km the trend of the main 
Black Cuillin ridge follows the outcrop of a mass of allivalite, a 
coarse-grained, plagioclase-rich ultrabasic rock (Fig. 7.7). However, 

several of the actual summit areas are underlain by intrusive 

tholeiites, including those of Sgurr a' Ghreadaidh (972m), Sgurr na 
Banachdich (965m), Sgurr Dearg (986m), and Sgurr Alasdair (992m), 

the highest point on the island. The allivalite, tholeiite, and the 

adjacent Border Zone eucrite (Fig. 7.7) are massive resistant rocks 

which form spectacular rock peaks, aretes and extensive free faces 

(Fig. 7.8). The relief is further accentuated by the presence of 

numerous dykes and sills of basalt and dolerite that have 

inweathered to form gullies and clefts. For a short distance south-east 

of Sgurr Alasdair the main ridge is underlain by peridotite (Fig. 7.7), 

which has weathered into steep boulder slopes and short crags. The 

southern end of the Black Cuillin ridge, including Sgurr nan Eag 
(924m) and Gars-bheinn (895m), is underlain by gabbro (sensu stricto). 
The gabbro, which also crops out over much of the western fringes of 
the range, is spatially variable. Parts of the gabbro are resistant and 
massive, while others are closely-jointed and are consequently less 

prone to the development of extensive free faces and sharp aretes. In 

places, most notably in the lower parts of Coire na Creiche, Coire a' 
Ghreadaidh, and Coire na Banachdich, the gabbro is friable and 

readily disaggregates into granule-sized grus. Such outcrops were 
believed by Harker (1901, p. 229) to be relics of subaerially 
deep-weathered rock, but are more likely to be the products of 
hydrothermal alteration (B. R. Bell, pers. comm.; Bell and Harris 1986). 

The bedrock characteristics are reflected in the long profiles of the 

corries, which trend radially across the strike of the rocks. Of 

particular note is the outcrop of the Border Zone eucrite, which 

coincides with abrupt steepenings of the corrie floors, above which lie 
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perched corries (Figs. 7.6,7.7,7.8). Where the corrie floors are 
underlain by massive rocks, extensive areas of striated and 
ice-moulded bedrock occur. The evidence for glacial erosion is 

amongst the clearest in the British Isles and was recognised in the 
mid 19th Century (Forbes 1846). Trimlines are generally exceptionally 
clear, and allow the upper limit of the Loch Lomond Readvance 

glaciers to be determined to within 10-15m at many localities. 

Above the trimlines lie frost-weathered rock walls and 
debris-mantled slopes. Rock walls tend to be preferentially developed 

on north-facing slopes, a tendency that is particularly notable in Coire 
Lagan, Coire na Banachdich and Coire a' Ghreadaidh (Fig. 7.6). In 

general, the rock slopes are very steep and are diversified by 

numerous buttresses defined by grooves and gullies, the position of 
which is determined by the loci of minor intrusions (Harker 1904). In 

most places, the debris-mantled slopes consist of coarse, angular scree, 
although where the bedrock has weathered into fine-grained 

material, sediment-gravity flow deposits occur. Such deposits are 
particularly widespread on the north-western slopes of Sgurr Thuilm 
(881m) above Coire na Creiche (Fig. 7.9). The lower parts of the corrie 
floors are mantled by glacial deposits, and clear lateral and terminal 
moraines are present in most cases. The morphology and 
sedimentology of the moraines is discussed in Sections 7.3.2 to 7.3.7. 

The direction of ice sheet flow around the Black Cuillin is recorded 
by striae on the outer slopes of the range (Fig. 7.6). In the south, striae 
are oriented towards the north-west, while further north ice flow was 
towards the south-west or south, parallel to the trend of Glen Brittle. 
Thus, the pattern of ice flow was not simply away from the high 

ground, but was apparently strongly influenced by the flow of ice 
from the mainland. Clough and Harker (1904, p. 38) considered that 
'... the ice... was thick enough to bury even the highest summits', 

although direct evidence is lacking. The work of Reed (1988) in 
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Wester Ross and Ballantyne (1990a) in northern Skye suggests the 

possibility that parts of the Black Cuillin remained above the ice 

surface as nunataks, although this idea is difficult to test due to the 

steep, geomorphologically-active nature of the upper slopes in the 

range. A minimum surface altitude for the last ice sheet can be placed 

at c. 860m, from the presence of ice-scoured bedrock on Sron na Ciche 

(Fig. 7.6). 

Walker et al. (1988) and Walker and Lowe (1990) provided details of 
a Lateglacial pollen site at Slochd Dubh (Fig. 7.6); indicating that the 
low ground adjacent to the Black Cuillin has not been glaciated since 
the Lateglacial Interstadial. In addition, raised shorelines attributed to 
the Lateglacial occur at over 20m od above Loch Brittle and in the 
lower reaches of Glen Brittle (Fig. 7.6). The absence of such shorelines 
further up the glen, where morainic mounds occur at 10-15m od, led 

Walker et al (1988, p. 141) to suggest that '... during ice-sheet decay 

either a dead ice mass became isolated in lower Glen Brittle or a 
minor readvance occurred'. The evidence for ice sheet behaviour in 
Glen Brittle was not presented in detail, and remains an interesting 

topic for future research. 

The following sections deal with the characteristics and genesis of 
the glacial deposits in the western Black Cuillin corries, commencing 
with Coire nan Laogh. 

7.3.2 Coire nan Laogh 

Coire nan Laogh is the smallest, shallowest and most southerly of 
the western Black Cuillin corries. The eastern limit of the glacier that 

occupied the corrie is marked by a double chain of moraine ridges and 

mounds that can be traced for c. 600m from 260m od to 130m od (Fig. 

7.10). To the west, the limit is continued by a spread of boulders and 
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isolated mounds, the upper limit of which lies at 315m od. The 
boulder spread is a dense, unlineated belt c. 300m across composed 
entirely of large (up to 4m a-axis) blocks of coarse-grained gabbro. 
Although the distal boundary of the boulder spread is not sharply 
defined, the distribution of striae in the area allows the glacier limit 
to be determined to within 50m (Fig. 7.10). 

Boulders are rare on the east side of the corrie, and only occur close 
to the centre-line. The drift landforms on the east side of the corrie 
consist largely of chains of round-crested mounds and ridges. Of 

particular note is a transverse chain of mounds that extends for 160m 

along the top of a short, steep rock step (A, Fig. 7.10). The chain is 
intersected by three steep-sided meltwater channels, and terminates 
abruptly at the edge of the boulder spread to the west. The moraine 
chain is interpreted as an ice marginal feature, formed when the 

retreating glacier stabilised above the rock step. Retreat positions of 
the glacier are also suggested by the sets of moraine ridges that trend 

parallel to the glacier limit on both sides of the corrie. The sediments 
in the moraines are not well exposed, but a few shallow sections 
reveal structure- less clast-supported diamicton with sandy matrix 
material. The constituent clasts are generally small (up to 10cm 

a-axis), angular, and consist of fine-grained gabbro. 

The asymmetric distribution of boulders and moraines in Coire nan 
Laogh is apparently due to contrasts in backwall lithology. Both sides 
of the corrie floor have a similar geological composition; 
fine-grained, closely-jointed Gars-bheinn gabbro crops out above c. 
300m od, while below that altitude the ground is underlain by 

resistant, massive Outer Unlayered gabbro and extrusive basalt (Fig. 
7.7). By contrast, the backwalls on each side of the corrie have a 
different composition. The massive rockwalls on the west side of the 

corrie consist entirely of Outer Unlayered gabbro, and the more 
broken slopes to the east are underlain by Gars-bheinn gabbro. The 
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concentration of boulders on the west side of the corrie strongly 
suggests that they were derived from the free faces below Sgurr nan 
Eag (Fig. 7.10), possibly by rockfall on to the glacier surface. Similarly, 
the preferential development of moraine ridges and mounds on the 
east side of the corrie' may indicate an input of diamictic sediment 
from the debris-mantled slopes of Gars-bheinn. 

7.3.3 Coir' a' Ghrunnda 

Coir' a' Ghrunnda is a deep elongate corrie that consists of a narrow 
lower section and an upper overdeepened rock basin (Fig. 7.10). The 
limit of the glacier that occupied the corrie is one of the clearest on 
the Island of Skye. First described by Forbes (1846), the glacier limit 

was subsequently mentioned by Harker (1901), Clough and Harker 

(1904) and Charlesworth (1956), and attributed to the Loch Lomond 

Readvance by Sissons (1977a), Walker et al. (1988) and Ballantyne 
(1989a). 

The limit consists of a contiuous arc of boulders that defines the 

margin of a piedmont lobe that extended on to the open ground 
below the narrow corrie mouth (Fig. 7.10). The boulders, which are 
up ' to 6m in length, are arranged in a series of ridges and mounds 
linked by more diffuse spreads. To the west, three distinct belts are 
present (B, Fig. 7.10), the outermost of which consists of a 
discontinuous ridge that stands up to 10m above the adjacent ground. 
By contrast, to the east a single belt of large mounds of boulders is 

present, and linear elements are less evident (C, Fig. 7.10). This 

contrast may reflect aspect-related differences in the activity of the 

glacier margin. However, it is also possible that the differences in 

morphology are the result of asymmetries in the volume or 
distribution of debris. 



291 

The lithological composition of the boulders is shown in Figure 
7.11. The most frequently-occurring lithologies are gabbro, allivalite, 
and eucrite, which were not differentiated in the field due to the 
difficulty of relating these rock types to particular outcrops. Samples 4 
to 9 contain an additional component of a distinctive brown 

careous-weathered peridotite, which accounts for 40% of the boulders 
in sample 8. The origin of the peridotite boulders is the Layered 
Peridotite Series, which crops out in the upper corrie as an area of 
steeply-dipping sheets of peridotite and allivalite (Fig. 7.11). The 
distribution of the Layered Peridotite Series is significant. Part of the 

series crops out on the floor of the upper corrie, including the area to 
the north-west of the loch (Fig. 7.8). Despite this fact, peridotite is not 
present in samples 1-3 and is poorly represented in sample 4, which 
suggests that subglacial entrainment of peridotite boulders was not 
significant. It is therefore concluded that the majority of the peridotite 
boulders in the moraines were derived from the corrie backwalls 
below Sgurr Dubh (Fig. 7.11). The provenance of the gabbro, allivalite 
and eucrite is not clear from lithological evidence, although on 
morphological grounds, it appears probable that the majority of the 
boulders were derived from the corrie walls. There is very limited 

evidence for subglacial plucking on much of the corrie floor, where 
smooth whaleback forms predominate. The only major exception is 

at D (Fig. 7.10) where a steep, joint-bounded lee face is present. From 
the available evidence, is is suggested that subglacial erosion of 
boulder-sized material was of limited importance, and that the 

majority of the boulders in the Ghrunnda moraine were entrained 
following rockfalls from the massive cliffs on the corrie backwalls. 

Two longitudinally-oriented trains of boulders, including 

peridotite, occur within the moraine arc (E, F, Fig. 7.10), in alignment 
with the two largest boulder mounds in the moraine. The trains are 
interpreted as 'avalanche-type' medial moraines that resulted from 

major rockfalls from persistent sources in the upper parts of the 
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basin. 

The precise mode of origin of the Coir' a' Ghrunnda moraines is 

uncertain, although it is suggested that ice push played an important 

role in the construction of the outermost ridge on the west side of the 
glacier limit (Fig. 7.10). There is no unequivocal evidence for 

stillstands or readvances of the retreating glacier at distances greater 
than 200m from its maximum position. 

7.3.4 Coire Lagan 

The terrain in Coire Lagan is similar to that in Coir' a' Ghrunnda. 
The corrie is flanked by precipitous rockwalls, the most extensive of 
which lie on the north- and west-facing slopes (Fig. 7.12). The upper 
parts of the corrie floor contain large areas of impressively ice-scoured 
bedrock, and a small rock basin loch lies at 565m above an abrupt rock 
step. 

Despite the similarities with Coir' a' Ghrunnda, the moraines in 

the lower part of the corrie have a complex morphology and 
distribution, and disagreement has arisen concerning the precise 
limit of the Loch Lomond Readvance (Sissons 1977a; Ballantyne 
1989a). Sissons (1977a) placed the northern and western glacier limit 

at an arcuate belt of boulders, ridges and mounds that descends from 

c. 460m od to 200m od (A-E, Fig. 7.12). On the southern side of the 

corrie the belt is less distinct (F, G, H, Fig. 7.12). The features at F may 
represent the fluvially-dissected remnants of a formerly continuous 
drift cover, and lie beyond the glacier limit envisaged by Sissons. 
According to Sissons, the limit is marked by the bouldery ridges at G 

and the massive round-crested spur at H (Fig. 7.12). A similar, but 

smaller spur on the opposite valley side (I, Fig. 7.12) was regarded by 

Sissons (1977a; unpublished data) as lying beyond the Loch Lomond 
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Readvance limit. 

Boulders, hummocks and discontinuous ridges cover a considerable 
area to the north, west and south of the arcuate moraine belt, as was 
recognised by Sissons (1977a, p. 27). Ballantyne (1989a) considered that 

part of this area lay within the limits of the Loch Lomond Readvance, 

and drew the maximum position of the glacier along the line 
A-I-J-K-L-F shown on Figure 7.12. However, the revised glacier limit, 

which is based on an abrupt downslope change in the density of 
debris cover, is improbable for two principal reasons. The first 

concerns the relations of the reconstructed glacier with the 

underlying topography. Ballantyne (1989a, Fig. 3) depicted a lobe of ice 

projecting from the glacier to the north-west (I-J-K, Fig. 7.12), an area 
occupied by a broad bedrock spur. It is unclear why the glacier should 
have advanced over this area in preference to the low ground 
adjacent to the axis of the valley, downslope from K and L (Fig. 7.12). 
Second, the area of boulders and hummocks continues for c. 1 km to 
the north of the revised glacier limit, and any line drawn within the 
deposits in this area must be considered to be arbitrary. Therefore in 

the absence of new direct evidence, Sissons' interpretation is upheld 
in the present study. One possible exception is the spur at H (Fig. 7.12), 

which may be an earlier subglacial bedform. 

The debris outside the arcuate moraine belt was considered by 
Sissons (1977a) to record deposition by the Late Devensian ice sheet. 
Sissons' aerial photographs (now at the University of St. Andrews) 

contain a number of annotations which apparently depict active 

retreat across the area of confluent glaciers that were nourished in 

Coire Lagan and Coire na Banachdich. Although a number of linear 

elements are present in the moraines (eg. M, Fig. 7.12), extremely 
detailed work would be required to establish the genesis and 
significance of the deposits, and is not attempted here. 
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For present purposes, the principal significance of the ice-sheet 

moraines and boulders is not the genetic interpretation, but the 
implication that debris could have extended further up-corrie prior to 
the Loch Lomond Readvance. If this was the case, it is implied that 
the Lagan glacier advanced over and incorporated earlier sediment, 
and that the arcuate moraine belt may contain a component of 
reworked material (cf. Section 6.2). However, this argument remains 
conjectural because the positive identification of such reworked 
debris is extremely problematical, and is a major problem in the 

evaluation of the sediment budgets of both former and modern 
glaciers (Clark 1987c). 

In common with Coir' a' Ghrunnda, a number of lines of large 

angular boulders occur within the limits of the former glacier 
(N, O, P, Q, Fig. 7.12). Those at N and P are longitudinally-oriented, and 
are interpreted as 'avalanche-type' medial moraines. The line at 0 
(Fig. 7.12) is aligned directly downslope, oblique to the former glacier 
flow lines as recorded by striae. The boulders exhibit pronounced 
proximal to distal coarsening, and it is concluded that they were 
deposited following a single rock avalanche that post-dated the 
deglaciation of the corrie. The boulder line at Q (Fig. 7.12) curves 
towards the valley centre-line, and may represent a position of the 
former glacier margin. 

The lower part of Coire Lagan, within the arcuate moraine belt, is 

occupied by a longitudinally-lineated sheet of drift. The drift sheet 
thickens distally, and at its up-valley limit is confined to the 
depressions between roches moutonnees. The consituent material is 
homogeneous compact matrix-supported diamicton with ubiquitous 
anastomosing subhorizontal joints. Clasts are typically edge-rounded, 
and stoss-lee forms are common. The material is interpreted as 
lodgement till which may, in part, be derived from earlier deposits. 
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7.3.5. Coire na Banachdich 

As for Coire Lagan, Sissons (1977a) and Ballantyne (1989a) reached 
conflicting conclusions concerning the limit of the Loch Lomond 
Readvance in Coire na Banachdich. Sissons (1977a, Fig. 3) considered 
that the glacier limit lay along the arc of boulders and moraine ridges 
that stand at the lip of the corrie (R, S, T, Fig. 7.12), while Ballantyne 
(1989a, Fig. 3) envisaged a more extensive glacier defined by large, but 

subdued ridges on the north side and scattered hummocks and 
boulders on the south (U, V, W, X, Fig. 7.12). Sissons' interpretation is 

preferred here. The hummocks and boulders at W and X (Fig. 7.12) do 

not differ in appearance from those to the south, and no clear 
grounds exist for attributing them to the Loch Lomond Readvance. 
The ridges on the north side of the valley (U, V, Fig. 7.12) are massive 
round-crested features that contrast markedly with the sharp-crested 
bouldery ridges that occur further up-corrie (S, T, Fig. 7.12) and in the 

marginal areas of other former corrie glaciers on Skye. Furthermore, 
the gradient of the ridge is considerably steeper than that of the 
moraines on the opposite valley side. Therefore, it is considered that 
the glacier maximum is marked by the boulder ridge S-T (Fig. 7.12) 
that trends obliquely across the base of ridge U. The origin of ridges U 

and V is unclear; one possibility is that they are subglacial forms 

relating to ice sheet conditions (cf. H, Fig. 7.12). 

The glacier limit envisaged by Sissons (1977a) coincides with an 
abrupt change in the morphology of the glacial deposits, characterised 
by numerous clear boulder lines and sharp-crested ridges. On the 

southern side of the corrie, the outermost boulder line descends from 

c. 365m od to 315m od at R (Fig. 7.12) where its trend is continued by 

an arcuate ridge. Further downslope, boulder lines, ridges and 
hummocks continue in the same line to the river at 195m od (S, Fig. 

7.12). From this point, a low lateral moraine ridge and boulder line 
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trends obliquely up the northern valley side to terminate at 275m od 
(T, Fig. 7.12). 

The moraine ridges on the south side of the corrie are consistently 
larger than those on the north (Fig. 7.13), a phenomenon termed 

within-valley asymmetry by Matthews and Petch (1982). The 

asymmetric development of the Banachdich moraines, and those in 
Coire a' Ghreadaidh (Section 4.3.6), was attributed by Benn (1989b) to 

greater rates of debris supply from extensive north-facing rock walls 
than from south-facing debris-mantled slopes. Full details of the 

analysis and its implications are given in Section 7.4.1. 

Retreat of the Banachdich glacier from its maximum position is 

recorded by a number of boulder lines and moraine ridges. The 
features are most clearly defined on the northern side of the corrie 
(eg. Y, Fig. 7.12), where at least three retreat positions can be 

identified. On the southern valley side the moraine pattern is less 

clear, and consists of non-aligned hummocks upon which linear 

trains of boulders are superimposed. Kettle holes and closed 
boulder-filled depressions are common, recording stagnation of 
debris-laden ice. It is suggested that the contrast between this 
hummocky terrain and the linear moraines on the northern valley 
side is a further consequence of the asymmetric debris load of the 
Banachdich glacier. 

Up-corrie from the area of moraines, c. 0.22 km2 of the corrie floor is 

occupied by a longitudinally-lineated sheet of drift (Figs. 7.12,7.14). 

The lineations are particularly prominent immediately downvalley 
from a pronounced roche moutonnee (A, Fig. 7.14) where they 

consist of large round-crested flutes. The largest is 90m long and a 

maximum of 8m high. Sections in the southern side of the flute 

expose compact matrix-supported diamicton. Anastomosing 

subhorizontal joints define a platy structure that parallels the 
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orientation of laterally extensive undulating silt stringers. In 

addition, 'smudges' of sorted sediments and abundant 'flat-iron' 

clasts occur, indicating that the material is lodgement till. The 

particle-size distribution of two samples of the till matrix are shown 
in Figure 7.15a. 

The lineated till surface is overlain by a patchy veneer of boulders. 
In places, the boulders are gathered in wall-like concentrations, 
crudely oriented down-corrie. The boulders are dominantly angular, 
and are interpreted as supraglacial material dumped from the ice 

margin as it retreated. No evidence exists for stillstands or 
readvances. 

Good sediment exposures are not abundant in the lateral and 
frontal moraines in Coire na Banachdich. The best section is in the 

outermost moraine (B-1, Figs. 7.12,7.16), and exposes steeply-dipping 
lenses of laminated sands interbedded with diamicton. The 
diamicton is apparently structureless, and may have originated by 
flow or other gravitational processes. The matrix of the diamicton has 

a closely-similar particle-size distribution to the lodgement till 

samples (Fig. 7.15 b), suggesting that the diamicton matrix was 
derived from subglacial sources. It is notable in this respect that fine 

material is poorly represented above the Loch Lomond Readvance 
trimlines in Coire na Banachdich, and it is probable that the input of 
fine material to the former glacier surface was negligible. It is 

therefore suggested that much of the fine material in the lodgement 

tills and the moraines in Coire na Banachdich is the product of 
subglacial abrasion and crushing. 

The characteristics of clasts from the lateral and frontal moraines in 

the corrie also indicate the presence of subglacially-transported 
material. Forty per cent of a clast sample from B-1 are sub-angular or 

sub-rounded (Fig. 7.16), and two clast samples from the crests of the 
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moraines to the south and north of B-1 (B-2 and B-3, Figs. 7.13,7.17) 
indicate that actively- and passively-transported clasts are present in 

approximately equal proportion. The amount of subglacially- 
modified clasts in samples B-2 and B-3 is less than that in the eucrite 
samples from the Loch Ainort basin (Fig. 7.17). Two factors may be 
invoked to explain this contrast: (1) the clasts in the Loch Ainort 
basin were transported a greater distance than those in Coire na 
Banachdich (2.25-4.00 km, compared with <1.75 km); and (2) the 
Banachdich glacier probably received clasts from the corrie walls 
throughout its length, which would tend to offset the effects of 

subglacial clast modification on the aggregate characteristics of the 

total debris load. 

The patterns and significance of debris provenance and transport in 
Coire na Banachdich are discussed in detail in Sections 7.4.1 and 7.4.2. 

7.3.6 Coire a' Ghreadaidh 

Coire a' Ghreadaidh is a well-formed west-facing corrie bounded by 

steep rock slopes to the south and east and by the debris-mantled 

slopes of Sgurr Thuilm to the north (Fig. 7.18). Two spurs (A, B, Fig. 
7.18) divide the upper corrie into three basins that stand above 
pronounced rock steps. Ice-moulded bedrock is widespread on the 
floors of the upper basins and in the upper reaches of the main corrie 
floor. The lower part of the corrie contains abundant glacial 
sediments. 

The limit of the Coire a' Ghreadaidh glacier is clearly defined and 
the evidence is not complicated by the presence of widespread earlier 
moraines. On the southern side of the corrie, the glacier limit is 

marked by a boulder-strewn moraine ridge that descends from 290m 

od to 205m od (C, Fig. 7.18). Below this altitude a bifurcation occurs; a 
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southerly-trending, line of boulders and hummocks continues the 

glacier limit ' (D, Fig. 7.18), while an inner boulder line descends 

directly to the river (E, Fig. 7.18). The two branches of the moraine 

correspond with moraine ridges on the north side of the river. The 

outermost (F, Fig. 7.18) is intermittent and only 1m high, and the 
inner is larger and more continuous (G, Fig. 7.18). The trend of the 
latter ridge is continued upvalley for a further 500m by a ridge of 
boulders. As in Coire na Banachdich, the principal moraine on the 

southern valley side (C) is larger than that on the northern (G) (Fig. 

7.19). 

Retreat of the glacier from its maximum position is recorded by 

moraine ridges and boulder lines on the south of the corrie and by 

boulder ridges and a staircase of marginal terraces on the north. The 

evidence records net retreat of 300m along the axis of the. corrie, and 
100-150m in the lateral areas. An interesting feature is the presence of 

two radially-oriented chains of hummocks that intersect the retreat 

positions of the glacier (H, I, Fig. 7.18). The chains are interpreted as 
the loci of longitudinally-oriented debris concentrations in the 

glacier, possibly related to persistent debris sources or the confluence 

of ice streams. The southern chain (I) lies in the same line as a 
longitudinally-oriented ridge located further up-corrie (J, Fig. 7.18). 

The ridge is sharp-crested and is 16m high on the north side and 3-5m 

high on the south, where deposition of fluvial sediments has formed 

a small terrace. Exposures in the ridge show it to be composed of 

coarse bouldery diamicton, gravels, and laminated sand and silt, 

recording subaerial and subaqueous reworking processes. The ridge is 

interpreted as a medial moraine that formed at the confluence of ice 

that flowed from the main corrie and from Core an Eich (Fig. 7.18). 

Approximately 1 km2 of the corrie floor is covered by a uniform or 
longitudinally-lineated sheet of drift (Figs. 7.14,7.18). Sections (eg. K, 

L, Fig. 7.18) expose compact platy matrix-supported diamicton in 
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which clasts with stoss-and-lee forms are common (Fig. 7.20). The 

material, which is interpreted as lodgement till, varies in thickness 
between 0.5m and at least 4m. Two samples of the till matrix have 

similar particle-size distributions to the lodgement till samples from 
Coire na Banachdich (Fig. 7.15a). 

Good exposures of the material in the lateral and terminal 

moraines are absent, although a small section on the north side of the 

river allowed some detail to be recorded (G-1, Figs. 7.18,7.21). The 

sediments consist of faulted diamictons, sands and gravels. The 
lowermost unit is a structureless matrix-supported diamicton with a 
sandy matrix and dominantly edge-rounded clasts. Due to the limited 

extent- of the exposure it was not possible to determine whether the 

unit is a basal till or a sediment-gravity flow. Above the diamicton is 

a pod of poorly-sorted openwork gravel and a band of granule gravels 

and sands. The origin of the pod is unclear, although it may have 
been deposited by gravitational processes that interrupted the 
deposition of the gravels and sands. An erosion surface below the 

uppermost gravel unit records small-scale cut-and-fill fluvial activity. 
A massive clast-supported diamicton overlies the sorted sediments, 
and is interpreted as slumped material. The particle-size distribution 

of the diamicton matrix is similar to that of the lodgement till 

samples, suggesting that it consists of reworked subglacial material. A 
high-angle reverse fault has affected all of the exposed material. The 
fault steepens downwards, has an apparent downthrow of 2cm, and 
records gravitational settling of the sediment pile, possibly due to the 

melt of buried ice (cf. McDonald and Shilts 1975). 

The characteristics of two clast samples from the moraine crests on 
the south and north sides of the corrie (G-2, G-3, Fig. 7.19) are shown 
in Figure 7.17. The samples have higher C40 indices and lower RA 

indices than those from Coire na Banachdich, but overall suggest 

similar relative proportions of passively- and actively-transported 
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clasts. The significance of the actively-transported material in the 
Ghreadaidh and Banachdich moraines is discussed in Section 7.4.2. 

7.3.7 Coire na Creiche 

Coire na Creiche is the most northerly and the largest of the corries 
in the western Black Cuillin, with an estimated volume, of 1.633 km3 
(Sissons 1977a). The corrie consists of a broad, low-floored basin above 
which lie two perched corries, Coir' a' Tairneilear and Coir' a' 
Mhadaidh (Fig. 7.22). The upper corries are rock floored, and glacial 
deposits are largely confined to the ground below 300m, where they 
form an extensive area of moraines. 

The glacial depositional landforms in Coire na Creiche can be 
divided into two distinct assemblages. The lower assemblage forms 

an arcuate belt, c. 150-300m in width, of boulder lines and 
discontinuous moraine ridges, the outer limit of which marks the 
maximum extent of the glacier. The upper assemblage covers c. 1 km2 

of the higher ground on the corrie floor, and consists of numerous 
closely-spaced chains of moraine ridges and hummocks, between 

which non-oriented groups of hummocks occur. The two 
assemblages are discussed in turn below. 

Lower Assemblage 
On the southern side of the corrie, boulder lines and moraine 

ridges descend from 183m od to the River Brittle at 53m od (A-B, Fig. 
7.22). Morainic landforms are not abundant in the axial portion of the 

valley, which is occupied by .a series of fluvial terraces. The 

relationship of one of the terraces with a bouldery moraine ridge (C, 

Fig. 7.22) shows that at least part of the terrace sequence was deposited 
during the Loch Lomond Stadial. To the north of the River Brittle, 

the assemblage consists of boulder lines and a pair of valley-side 
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terraces. The larger of the two terraces (D, Fig. 7.22) slopes downvalley 

with a gradient of 40, and may record ice-marginal fluvial deposition, 

possibly as the result of glacial diversion of the river at E (Fig. 7.22). 

The composition of superficial boulders in the assemblage is shown 
in Figure 7.23 (Samples 1-5). Samples 1-4 consist solely of a 
coarse-grained pyroxene-rich gabbro with greenish-grey feldspars, 

while Sample 5 contains a secondary component of basalt. The 
lithology, angularity and size of the boulders (up to 3m a-axis) 
suggests that most were derived from the backwalls of the corrie. 
Thus, the lower assemblage is similar to the terminal landforms that 

occur elsewhere in the Cuillin corries (cf. Fig. 7.18), and is interpreted 

as largely the product of ice-marginal deposition of rockfall material. 

Upper Assemblage 
The upper assemblage was mapped as hummocky moraine by 

Sissons (1977a) and Ballantyne (1989a), although both authors 
recognised the presence of linear elements. Figure 7.22 shows that 
two types of linear feature are present: (1) transverse moraine ridges 
and chains of hummocks (eg. F, G); and (2) longitudinal chains of 
large, short transverse ridges (H, I). The latter occur exclusively below 

the north-east wall of the corrie, where they locally attain 6m in 
height. Elsewhere, the moraines are more usually 2-3m high. 

The assemblage is unlike any other area of moraines in the corries 
considered in this chapter, although it has close- morphological 
similarities with the moraines that occur on the Jurassic rocks near 
Strollamus and by Loch Slapin (Sections 6.2,6.4). It was not possible to 
investigate the internal structure and sedimentology of the moraines 
due to the absence of good exposures. However, interesting 

conclusions regarding the genesis of the moraines may be drawn 

from the lithology of superficial boulders and subsurface clasts. 
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Matching of clasts from the moraines with their source areas is 

problematical because the bedrock on the corrie floor is poorly 
exposed, and has not been studied in detail (cf. Harker 1904; Bell and 
Harris 1986). The results of recent mapping in the corries to the south 
by B. R. Bell (pers. comm. ) suggest that the rocks consist of: (1) a 

number of large sheets of gabbro dipping to the south-west; (2) 

concordant and ' discordant minor intrusions of dolerite and basalt; 

and (3) rafts of country rock, particularly basalt. At present this 

suggestion remains speculative, and due to the absence of 

unequivocal data, the present work is based on sampling of rare 
bedrock outcrops and clastic material obtained from the moraines. 
Samples were identified in hand specimen and thin section by Dr. 

C. H. Donaldson of the Department of Geology and Geography, 

University of St. Andrews. 

A marked dissimilarity exists between the lithology of superficial 
boulders (greater than lm a-axis) and subsurface clasts (0.03-0.1m 

a-axis). The boulders (Samples 6-10, Fig. 7.23) are similar in 

composition to those in the lower assemblage, and were derived from 

the corrie backwalls. By contrast, the samples of subsurface clasts 
contain a wide variety of rock-types, and apparently reflect both 

subglacial and supraglacial entrainment (Samples 11-17, Fig. 7.23). 

Sample 11 consists entirely of angular or very angular fragments of 
feldsparphyric dolerite (Fig. 7.23). The dolerite is similar to that which 

crops out in a stream bed 30m to the south (C, Fig. 7.23). The bedrock 

has variable joint spacing, and in places has a highly fractured 

appearance and may be easily disaggregated by hand. It is concluded 
that the clasts in Sample 11 were derived from the local bedrock by 

subglacial plucking. The limited amount of edge-rounding of the 

clasts suggests a short distance of transport or elevation of the 

material away from the bed shortly after entrainment (Fig. 7.24; cf. 
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Chapter 6). Samples 12,13 and 14 also contain clasts that can be 

matched with bedrock on the corrie floor. All three samples contain a 
grey porphyritic rhyolite with small phenocrysts of pink feldspar, 

amphibole and mica. Similar rhyolite crops out in a stream bed at A 
(Fig. 7.23), where it is closely jointed. In addition, Sample 13 contains 
a large proportion of dolerite, which crops out at B (Fig. 7.23), and 
Samples 12 and 14 contain an ophitic microgabbro that crops out at D, 

among other places (Fig. 7.23). The provenance of the remaining 
lithologies in Samples 12 to 15 is less clear. Samples 14 and 15 contain 
large amounts of basalt. No basalt was observed on the corrie floor in 

the area occupied by the moraines, although its presence may be 

suspected from the abundance of basalt sheets in the altered gabbro at 
E (Fig. 7.23). Similarly, no source could be positively identified for the 

silicified trachytes and acidic volcanic breccias that occur in Samples 
12 to 15. The trachytes and breccias are related rocks, similar to those 
described from Fionn-choire (Fig. 7.22) by Thompson (1967). The 

orientation of striae (K, Fig. 7.22) suggests that the clasts may have 
been carried into Coire na Creiche by ice-sheet flow, and subsequently 
reworked during the Loch Lomond Stadial. However, this hypothesis 
is not considered likely, for two reasons. First, if the hypothesis is 

correct, then edge-rounded clasts should be expected, but none was 
observed. Second, trachyte clasts are relatively abundant in the screes 
on the north-eastern wall of Coire na Creiche, where small outcrops 
of trachyte were discovered by the present author (Sample 18, Fig. 
7.23; J, Fig. 7.22). Although the spatial relationship of the trachyte 

outcrops to the locations of Samples 12 and 13 rules out a supraglacial 
origin for the clasts, the presence of trachyte in the corrie suggests the 

possibility of additional undiscovered occurrences on the corrie floor. 
Although this argument suggests a local origin for the trachyte and 
breccia, in the absence of direct evidence it must remain speculative. 
Overall, however, the evidence from Samples 11 to 15 strongly 
suggests that subglacially-entrained debris forms an important 

component in the moraines. 
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The moraines are interpreted as recording active retreat of the 
Creiche glacier. Although the lack of exposures did not permit the 

mechanisms of debris deposition to be studied, it is speculated that 
the moraines formed by a combination of dumping adjacent to the 

glacier margin and ice push (cf. Chapters 5 and 6). 

Samples 16 and 17 are located in a longitudinal chain of transverse 

moraine ridges (Fig. 7.23). Both samples are dominated by basalt, with 
secondary quantities of ophitic gabbro and, in Sample 17, trachyte. 
The topographic position of the sites and the lithological similarity of 
the samples to the scree and bedrock (Samples 18 and 19) on the 

overlying slopes strongly suggest that the material in the moraines 
was predominantly derived from the sidewall of the corrie. Two 

principal mechanisms may be suggested to account for the genesis of 
the moraines. First, the moraines could have been formed following 

the reworking of glacially over-ridden slope deposits. Second, the 

material could have fallen directly on to the ablation area of the 

glacier, to be deposited after little or no further transport. The 

characteristics of gabbro clasts from sample site 16 are interesting in 

this respect (Fig. 7.24). The clasts are dominantly angular, indicating 

that the debris has not undergone significant active glacial transport, 
lending some support to the second possibility. It is notable that the 

clast sample is 'blockier' than the scree control material; this may 
reflect local variations in bedrock joint distribution. 

The location of the two assemblages appears to reflect the geology of 
the corrie. The lower assemblage is located on basalts and massive 

gabbros and is dominated by far-travelled coarse gabbros (sensu lato) 

derived from the corrie backwalls. Although unit boundaries are not 

exposed, the limits of the upper assemblage apparently coincide with 
the limits of fissile, closely-jointed rocks, including feldsparphyric 

dolerite and porphyritic rhyolite. The bedrock that crops out upvalley 
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of the upper assemblage is predominantly massive, coarse-grained 
gabbro (F, Fig. 7.23) which has been glacially smoothed and striated, 
and does not appear to have yielded significant amounts of coarse 
material. Similarly, the upvalley termination of the longitudinal 

chain of transverse ridges (I, Fig. 7.22) coincides with the increasing 
dominance of gabbro over basalt on the overlying slopes (Fig. 7.7). 

7.4 Discussion: Controls on debris transfer and glacier activity 

7.4.1 Rockwall distribution and the within-valley asymmetry of 
lateral moraines 

Moraine within-valley aymmetry (Matthews and Petch 1982) occurs 
in four of the corries described in this chapter, namely Coire 

Fearchair, Coire Gorm, Coire na Banachdich and Coire a' Ghreadaidh 

(Figs. 7.3,7.4,7.13,7.19). Corrie-floor topography is at least partly 

responsible for the' asymmetry of the moraines in Coire Fearchair, 

where uneven rates of net margin reteat resulted in the 

superimposition of moraines on the southern side of the corrie, but 

not on the northern (Section 7.2.3, Fig. 7.3). By contrast, spatial 
variations in bedrock geology contributed to the moraine asymmetry 
in Coire Gorm, where debris derived from the outcrop of the 
Kilchrist Hybrids was confined to the southern side of the former 

glacier (Section 7.2.4, Fig. 7.4). Neither topographically-controlled 

moraine superimposition nor lithological variations may be 

invoked, however, to explain ý the moraine asymmetry in Coire na 
Banachdich and Coire a' Ghreadaidh. It is suggested that in these two 

corries the principal controlling factor was the distribution of free 

faces on the corrie backwalls (Benn 1989b). In both cases, the larger 

moraines occur on the free-face dominated north-facing sides of the 

corries, and the smaller moraines on the debris-mantled slope 
dominated south-facing slopes. A similar observation was made by 
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Matthews and Petch (1982) who, in their study of Norwegian 
Neoglacial moraines, noted that the larger component of a moraine 
pair consistently occurs on north- or east-facing valley sides in 

association with extensive rockwalls. From this, they suggested that 
the asymmetry in moraine volume relates to differential debris 

supply to the glacier from the overlying slopes. A relationship 
between moraine volume and extraglacial rockwalls has also been 

referred to by Charlesworth (1957), Whalley (1974) and Shakesby 
(1989). 

In order to investigate further the relationship between moraine 

within-valley asymmetry and rockwall distribution, four corries, in 

addition to Coire na Banachdich and Coire a' Ghreadaidh, were 

chosen for study. Due to the absence of suitable basins in the Cuillin 

Hills, study sites on the neighbouring mainland of Scotland were 

selected (Fig. 7.25). Two of the sites are in Applecross (Coire nan Arr 

and Coire na Ba) and two in the An Teallach massif in Wester Ross 

(Glas Toll and Toll an Lochain). All four corries are underlain by 

massive, resistant Torridonian arkoses and mudstones (Johnson 

1983) that support high free faces and sharp aretes. The corries are 

similar in size to the two Cuillin corries, and contain well-developed 
lateral and terminal moraines attributable to the Loch Lomond 

Readvance (Sissons 1977b; Robinson 1987). Coire nan Arr and Coire 

na Ba face south or south-south-east and Glas Toll and Toll an 
Lochain face east. 

Selective geomorphological maps and typical moraine cross-profiles 
for each of the four mainland corries are shown in Figures 7.26 to 

7.29. The rationale behind the choice of cross-profile location and the 

survey methods are given in Section 4.4.2. The maps show that all of 
the moraines exhibit within-valley asymmetry, and that the larger 

moraines consistently occur on the free-face dominated valley sides 
(east-facing for the Applecross corries, and north-facing for those on 
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An Teallach). 

For Coire na Banachdich, Coire a' Ghreadaidh and the four 

mainland corries, measurements were made of the total areas of the 

valley sides that occupied extraglacial positions when the Loch 
Lomond Stadial glaciers reached their maximum thickness, and the 

proportion of those areas that were covered by free faces. The 

measured areas were defined by the position of the ridges bounding 

the corries, and the location of moraines and periglacial trimlines. 
Trimlines are clearly defined in the Applecross corries, but in the two 
An Teallach corries unambiguous trimlines are present at few 
localities. In these corries, however, the form of the valley sides 
substantially reduces the likelihood of serious error in the 

reconstruction of the glaciers. 

Slope areas were calculated from the measured map areas of 
uniform slope segments and their average gradients: 

Ar=Am/cosa 
(Ar = real area of slope segment 

Am = map area of slope segment 
a= average gradient calculated from map contours). 

From the measurements of valley side and free face areas it is possible 
to quantify the asymmetry of the corries. First, a free-face dominated 

valley side (f) and a debris-mantled slope dominated valley side (s) 

were identified for each corrie. Second, two alternative Basin 
Asymmetry Indices (IB-1 and (IB-2) were calculated: 

IB-1 = (Af)s: (Af) f 

(the real area of free faces above the former glacier surface on each 

side of the corrie, expressed as a ratio), and 
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IB-2 = (Af/Aw)s : (Af/Aw) f 

(the proportion of the real area of each side of the corrie above the 

reconstructed glacier surface that was occupied by free faces, expressed 
as a ratio). 

Neither index appears to be preferable on a priori grounds, and the 

values are strongly positively correlated. Both indices were used in 

the interpretation of the results. 

A Moraine Asymmetry Index was calculated from the measured 
areas of the surveyed cross profiles: 

IM=Ms: Mf 

(the mean of the cross-sectional areas of the moraines on each side of 
the corrie, expressed as a ratio). Although the index does not 
incorporate a direct measure of the true volume of debris on each 
side of the corries, it is believed to represent a reasonable estimate of 
asymmetry in moraine volume. 

IB-1, IB-2 and IM were calculated to two significant figures and 
range between 0 and 1, values of 1 representing perfect symmetry. 
The relationship between the indices is shown graphically in Figure 
7.30. Because the data are not normally distributed, product moment 
correlation coefficients could not be calculated. Spearman's Rank 

correlation coefficients for the data are +0.89 (using IB-1) and +0.90 
(using IB-2). Due to the small sample size, these coefficients are not 

significant at p=0.01, although they are significant at p=0.05. 
Although a larger sample is necessary for further analysis, the data 

indicate a strong positive correlation between the variables, ie. that 
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increasing asymmetry of free face distribution is paralleled by 
increasing moraine asymmetry. 

The analysis strongly supports the suggestion that greater quantities 
of debris were delivered to the glacier surfaces from free faces than 
from debris-mantled slopes. Comparative data on the rates of retreat 
of different slope types are not available for the Scottish Lateglacial. 
However, if other factors are held constant, the retreat of rockwalls 
should be expected to be more rapid than that of other slopes. Debris 

released from bedrock by weathering on free faces will rapidly fall on 
to glacier surfaces or unglaciated lower ground without significant 
intermediate storage. By contrast, debris released from bedrock on 
debris-mantled slopes must undergo an initial period of downslope 

movement by other processes, including sediment-gravity flow, 

full-depth snow, avalanching, gelifluction and fluvial activity 
(Section 3.3.3). Thus, debris delivery from rockwalls is 

weathering-limited, and that from debris-mantled slopes is both 

weathering- and transport-limited. 

The preferential orientation of free faces is most probably 
climatically-controlled. On the basis of the regional pattern of 
reconstructed glacier equilibrium line altitudes, Sissons (1979b, 1983) 

argued that during the Loch Lomond Stadial the predominant 
snow-bearing winds in western Scotland were south-westerly. That a 
similar pattern obtained during longer Pleistocene time-scales is 

suggested by the regional pattern of corrie floor altitudes in the 
Scottish Highlands (Sissons 1967a; Robinson et al. 1971). This 

long-term precipitation pattern implies that during periods of valley 

glaciation, including the Loch Lomond Stadial, preferential 
development of firn basins would occur in sheltered locations in the 
lee of north- and east-facing slopes (cf. Graf 1976). The distribution of 
firn basins influences the patterns of removal of 

periglacially-weathered debris by providing an efficient transport 
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mechanism, thereby undercutting the slope and accelerating backwall 

retreat. The orientation of corrie heads, as the loci of former glacier 
accumulation areas, is pertinent in this respect. Of 49 corrie heads in 

the Cuillin Hills, 71% have aspects between 310° and 130° (Fig. 7.31a). 
The similarities between this trend and those noted by Sissons (1967a) 
for Scotland as a whole and by Bennett (1990) for North Wales are 
notable (Fig. 7.31b, c). 

The interaction of preferential firn accumulation and removal of 
detritus may be envisaged as a self-reinforcing system of climatic 
factors encouraging free face development on north- and east-facing 
slopes. In this context, the within-valley asymmetry of moraines can 
be seen as the result of asymmetries in the relationship of valley 
glaciers to the basins in which they occur. Process asymmetries are 
thus concluded to have been propagated through time and, in a 
downglacier direction, through space. 

7.4.2 Debris transport mechanisms 

The preceding sections have demonstrated that a major part of the 

coarse debris load of most of the independent corrie glaciers was 
derived from the valley sides. Exceptions occur where the substrate 
consists of closely-jointed bedrock or unlithified sediments (eg.. Coire 
Lagan, Section 7.3.4, Coire na Creiche, Section 7.3.7; cf. Chapters 5 and 
6). This result introduces an important qualification to the 

conclusions of several authors that the majority of the debris on most 

non-surging valley glaciers is of supraglacial origin (eg. Sharp 1949; 
Whalley 1974; Humlum 1978; Boulton and Eyles 1979; Eyles 1983c). 

The clast form and roundness data from Coire Gorm, Coire na 
Banachdich and Coire a' Ghreadaidh indicate that following 

entrainment, debris entered both passive and active transport paths. 
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The position of the data on the RA/C40 diagrams (Figs. 7.5,7.17) 

suggests that 40-70% of the clasts were actively-transported, although 
the data are too limited to allow assessment of the overall 

proportions in the glacial debris loads as a whole. The presence of 
significant amounts of subglacially-transported material in the 

moraines in Coire na Banachdich and Coire a' Ghreadaidh is also 
indicated by the particle-size data (Fig. 7.15). 

Numerous workers have reported subglacially-modified debris 

from temperate valley glacier moraines (eg. Reheis 1975; Larsen and 
Mangerud 1981; Matthews and Petch 1982; Vere 1986; Matthews 1987; 
Small 1987b; Shakesby 1989). The estimated proportion of 

subglacially-transported debris in such studies varies widely, from 

20% (Small 1987b) to 81% (Larsen and Mangerud 1981). The causes of 
the variation remain obscure, although the role of climatic factors 

was explored by Matthews (1987). 

Matthews and Petch (1982) pointed out that problems exist 
concerning the interpretation of the subglacially-transported 
component in temperate valley glacier moraines. They considered 
that the presence of this component seemed to be incompatible with 
the limited amount of debris observed in the basal ice of modern 
temperate glaciers. Boulton (1978) has convincingly argued that the 
thickness of basal debris-rich ice is severely restricted in temperate 

glaciers due to widespread basal melting and consequent debris 

release (cf. Hubbard and Sharp 1989). Thus, although debris derived 
from valley sides may reach the glacier sole, delivery of this material 
to the glacier snout may be transport limited. Two solutions may be 

suggested to account for the discrepancy between observation and 
theory. First, basal debris can be transported to glacier snouts 
following elevation from the bed by one or more mechanisms 
(Section 3.3.4), and second, transport of debris can occur below the 

glacier sole by deformation of subglacial sediments, in addition to the 
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material carried in the basal layers of the ice (Sections 3.3.3,3.3.4). 

Briefly, mechanisms that elevate debris from the base of temperate 
glaciers include glaciotectonic processes and the formation of medial 
moraines at the confluence of ice streams (Boulton 1978; Drewry 
1986). Posamentier (1978) suggested that glaciotectonic thrust faulting 

and/or isoclinal folding, due to compressive stresses below ice falls, 

could elevate bands of basal debris, although his ideas have not 
received observational support (Gomez and Small 1983; Small 1987a). 
The more widely-held view is that thrust faulting on non-surging 
temperate glaciers occurs only within a short distance of the snout 
(Hewitt 1967; Jewtuchiwicz 1973; Whalley 1974) due to seasonal 
freezing of the base (Boulton 1977a) or the presence at the margin of 
dead ice masses or sediments (Small 1987a). Thus although this 

mechanism may have operated in the former Cuillin corrie glaciers it 

is necessary that the debris was first delivered to the marginal zones 
by other processes. 

Basal debris can -be elevated to high-level transport by the 

arrangement of flow lines at glacier confluences (eg. Boulton 1978, 
Boulton and Eyles 1979; Vere and Benn 1989). In parts of the Cuillin 

corries, former ice stream confluences are indicated by the presence of 
ridges and spurs separating subsidiary basins (eg. Coire Lagan, Fig. 
7.12; Coire a' Ghreadaidh, Fig. 7.18) and by medial moraines (Coire 
Gorm, Fig. 7.3; Coire a' Ghreadaidh). In such locations, the elevation 
of basal debris could have occurred. However, the number of such 
former confluences is small, and it is probable that they had only local 

significance for the transport of elevated basal debris. 

Subglacial deformation of sediments may have been widespread in 

the terminal areas of the former glaciers. As noted above, areas of 
lodgement till occur on the floors of many of the corries, including 
Coire na Banachdich, Coire a' Ghreadaidh (Fig. 7.14). Under 
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conditions of high pore-water pressure such sediments can undergo 
downglacier transport as a deforming slurry (eg. Boulton et al. 1974; 
Boulton 1982,1987). There is evidence to suggest that the transport of 
clasts in such deforming sediments can result in modification by 

abrasion (Boulton et al. 1974; Sharp 1984). As yet, little is known 

concerning typical rates of discharge of subglacially-deforming 
sediments and their importance to the sediment budget of valley 
glaciers. Measurements of till deformation below Breiaamer- 
kurjekull, Iceland, allowed Boulton (1987) to calculate rates of 

sediment delivery to the glacier margin of 18m3m-lyr-1, and to 

conclude that '... the process clearly has the potential to achieve very 
high rates of geomorphic work' (p. 32). 

It is therefore hypothesised that the deformation of basal sediment 
was an important factor in the delivery of abraded clasts to the glacier 
margins in the Cuillin corries. Rigorous testing of this hypothesis 

requires detailed sedimentological studies and mathematical analyses 
that were beyond the scope of the present thesis. However, a 
preliminary modelling exercise was conducted in order to derive a 
first approximation to the rates of debris transfer. 

It was assumed that the conditions required for deformation of the 
basal tills are described by a Coulomb-type failure criterion (Boulton 

and Hindmarsh 1987): 

Tcrit -c+ (Pice - p,, ) tan e 

Tcrit = critical shear stress 

c= cohesion 

Pice = ice overburden pressure 

pW = pore water pressure 
o= angle of internal friction. 
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The equation was used to determine the pore water pressures that 

would be required to induce failure in the sediments, using assumed 

values of c and a and reconstructed shear and normal stresses for 10 

points below the former glaciers (4 for Banachdich, 6 for Ghreadaidh, 

Fig. 7.14; Appendix). Boulton and Hindmarsh (1987) cite mean values 

of 3.75 kPa for the cohesion and 320 for the internal friction angle for 

basal tills from Breiaamerkurjekull. However, the Breiaamerkur- 

j0kull tills contain larger proportions of fines than those in Coire na 
Banachdich and Coire a' Ghreadaidh (Figs. 7.15,7.32), and it is 

therefore probable that the latter have lower cohesion values and 
higher angles of internal friction. Nominal values of c=0 and o= 450 

were assumed, based on data presented by Selby (1982). The methods 

used to reconstruct basal shear stresses and ice overburden pressures 

are described in the Appendix. 

Figure 7.33 shows that for all of the sample points, the sediment 

would remain rigid at pw = 0, and that sediment failure would 

require pore water pressures in excess of 0.8 to 0.9 ' times the ice 

overburden pressure. Studies of the water pressures below modern 
glaciers (eg. Boulton and Vivian 1973; Hodge 1976,1979; Engelhardt et 
al. 1978; Boulton and Hindmarsh 1987) indicate that subglacial water 
pressures may attain such high values, and under conditions of high 

meltwater production, basal water pressures equal to, or even slightly 
greater than overburden have been recorded (eg. Röthlisberger et al. 
1979). Because the subglacial discharge of meltwater increases 
downglacier, a priori it may be suspected that high pore water 
pressures most likely to have occurred in the marginal areas of the 
former glaciers. A similar situation was envisaged by Boulton et al. 
(1974), who postulated that the sediment below Breiaamerkurjekull 

consists of an inner area of lodged till and an outer zone where 
deformation occurs. 

No attempt is made here to model probable values of pw, and for 
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present purposes it is assumed that water pressures were high 

enough to permit sediment deformation close to the former glacier 
margins. On this assumption, possible rates of debris transfer can be 

calculated using estimates of the basal velocities of the glaciers, the 
thickness and vertical velocity profile of the deforming layer, and the 

voids ratio of the deforming sediment. 

The method that was employed to compute ice velocities 
(Appendix) does not permit basal sliding at the margin (cf. 

Hindmarsh et al. 1989), and consequently, basal velocities for points 
located 100m from the glacier termini were used. Using mass-balance 

gradient (mbg) values of 0.006,0.015 and 0.021m m-1, the appropriate 

velocity estimates are: 2m yr-1,9 m yr-1, and 14 m yr -1 (Banachdich) 

and 6m yr-1,18 m yr-1 and 25 m yr-1 (Ghreadaidh). The velocity 
distribution for the glaciers at mbg = 0.015 is shown in Figure 7.34. 

The deforming layer thickness was set at 0.5m, and the voids ratio 

at 0.6, by analogy with modern basal tills (cf. Boulton and Dent 1974; 

Sharp 1984; Boulton and Hindmarsh 1987). It was assumed that 10% 

of the basal movement of the glaciers was accommodated by slip at 
the ice-sediment interface (Boulton 1979,1987; Boulton and 
Hindmarsh 1987) and that the vertical velocity profile within the 

sediment was linear (R. C. A. Hindmarsh, pers. comm. ). 

To the debris flux due to subglacial sediment deformation must be 

added estimates of the debris carried in the basal ice of the glaciers. By 

analogy with modern temperate glaciers, it is assumed that the basal 

debris layers were 0.25m thick (cf. Boulton 1974,1978; Humlum 1981; 

Matthews and Petch 1982) and that the debris concentration was 30% 

by volume (cf. Boulton 1974,1978; Humlum 1981). The resulting 

calculated rates of discharge of debris at the base of the glaciers areas 
follows: 
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------------------------------------------------ 
Banachdich 

Mass-balance gradient 0.006 0.015 0.021 
Sediment Discharge (solids) 

(m3m-1yr-1) 

(a) Subglacial deformation 0.18 0.81 1.26 
(b) Basal ice 0.15 0.67 1.05 
(c) Total 0.33 1.48 2.31 

Ghreadaidh 

Mass-balance gradient 0.006 0.015 0.021 
Sediment Discharge (solids) 

(m3m-1 yr-1) 

(a) Subglacial deformation 0.54 1.62 2.25 

(b) Basal ice 0.45 1.35 1.87 
(c) Total 0.99 2.97 4.12 

Given the large number of assumptions that were required in the 
derivation of these figures, the results must be regarded as very 
approximate. However, the results do suggest that (a) debris transport 
in basal ice and by subglacial sediment deformation could have 

resulted in the delivery of significant proportions of material to the 

glacier margins; and (b) that under the appropriate pore-water 
conditions, the two components could have been similar in 

magnitude. 

The mean areas of the measured moraine cross-sections in Coire na 
Banachdich and Coire a' Ghreadaidh are 280m2 and 170m2 

respectively. If the voids ratio of the sediment is assumed to be 0.25, 

the resultant mean rock debris volumes per unit length of the 
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moraines are 210m3m-1 and 127.5m3m-1. The clast form and 
roundness data from the moraines suggest that c. 50% of the clasts in 

the range 3-12.5cm (a-axis) were transported subglacially. The 

proportion is likely to be somewhat greater for the finer fractions, and 
an overall value of 60% was assumed. On the above assumptions, the 
times required for the delivery of the subglacially-transported 
component of the moraines are: 

----------------------------------------------- 
Mass-balance Gradient Time (Years) 

Banachdich Ghreadaidh 
0.006 381 77 
0.015 85 26 
0.021 54 19 

------------------------------------------------ 

Intuitively, the value of 381 years appears to be rather high as a 
residence time for the Banachdich glacier at its Loch Lomond 
Readvance maximum position, although overall, the above 
estimates do not appear to be unreasonable. The differences between 

the figures for the two glaciers may reflect either (a) errors inherent in 

the modelling procedure and calibration, or (b) differences in the 

availability of previously-deposited sediments at or close to the 

glacier margins. It is notable in respect of (b) that sediment is more 
abundant immediately outside the limit of the Banachdich glacier 
than that of the Ghreadaidh glacier (cf. Figs. 7.12,7.18). Overall, 

however, it may be tentatively concluded that the discharge of basal 

debris below the glaciers was probably sufficient to account for the 

volume of material in the moraines. 
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7.4.3 Moraine distribution and the style of glacier retreat 

In six of the nine corries discussed in this chapter, lateral and frontal 

moraines are confined to relatively narrow belts located close to the 

maximum positions of the former glaciers. A similar pattern has 
been noted elsewhere in the north-west Highlands (eg. Sisson 1967a, 
1977b; Robinson 1977,1987; Ballantyne and Wain-Hobson 1980), and 
has been interpreted as evidence for rapid glacier stagnation 
following the Loch Lomond Readvance maximum (eg. Sissons 1967ä, 
1983; Gray 1982). However, the results of the present study show that 
there are important exceptions to the pattern of narrow moraine 
belts. In two of the Cuillin corries, namely Coire Gorm and Coire na 
Creiche, lateral and frontal moraines occur well within the Loch 

Lomond Readvance limits, and apparently record active retreat of the 
former glaciers for 850m and 1.3 km respectively (Figs. 7.3,7.22). In a 
third corrie, Coire Seamraig, diffuse arcs of boulders and hummocks 

mark glacier retreat positions that lie 700m within the Readvance 
limit. Significant distances of active retreat are also indicated by the 

moraines deposited by the eastern transection complex (Chapters 5 

and 6) and, in the case of the Slapin glacier, evidence exists for active 
retreat of over 4 km. 

Two hypotheses may be proposed to account for the presence of 
broad belts of lateral and frontal moraines in some basins and their 

absence in others. 

(1) The moraines provide a reliable index of the amount of active 

retreat of the glaciers, and the variations in the width of the moraine 
belts reflect the different responses of the glaciers to climatic 
influences. 

(2) The distribution of lateral and frontal moraines may be a function 

of sediment availability, and the absence of broad belts of moraines in 
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some basins may simply reflect the lack of sufficient debris in the 

retreating glaciers. 

Circumstantial evidence in favour of the second hypothesis is 

provided by the presence of broad moraine belts in basins that are 
underlain by closely-jointed lithologies (eg. parts of Coire na Creiche 

and much of the area occupied by the eastern transection complex). 
However, three problems exist with this hypothesis. First, broad 

moraine belts are not confined to basins that are underlain by 'weak' 

rocks (cf. Coire Seamraig, which is underlain by a massive facies of 
the Inner Granite). Second, some of the moraine belts associated with 
the eastern transection complex contain debris derived from massive 
rocks on the corrie backwalls (eg. upper Srath Beag, Section 6.2.4), and 
it cannot be assumed that the presence of the moraine belts is due 

solely to local debris input. Third, in some of the basins in which 
broad moraine belts are absent, substantial thicknesses of basal till 

occur (eg. Coire Lagan, Coire na Banachdich and Coire a' 
Ghreadaidh), and such sediments should be expected to have 

provided a readily-entrained source of debris near the glacier margins 
(cf. Section 7.4.2). The limited distribution of lateral and frontal 

moraines in such basins may therefore be an accurate reflection of the 
behaviour of the former glaciers. It is therefore possible that 

variations in glacier response underlie the observed pattern of 
moraine distribution in the Cuillin Hills. 

Full examination of the links between glacier activity and possible 
internal and external controlling variables is a complex problem, and 
is not attempted here. What follows is a preliminary investigation of 
the association between the amount of glacier retreat associated with 

moraine belts and four variables: the slope of the underlying 
topography, glacier area, glacier length and reconstructed glacier 

equilibrium line altitude. The first three variables may be expected to 

influence the response time of the glaciers to climatic forcing (Nye 
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1965a; Paterson 1981; Nesje 1989; Ballantyne 1990b), while the fourth 
is included as a surrogate for the complex of climatic factors that 
determine glacier distribution. 

The horizontal retreat of the snout of a glacier is a consequence of 
changes in the net mass-balance (Nye 1960,1965b; Paterson 1981), 

which can be quantified in terms of a vertical shift in the altitude of 
the equilibrium line. For former glaciers, shifts in the equilibrium 
line altitude can be established if (a) the glacier margins can be 

reconstructed accurately, and (b) the equilibrium line altitudes can be 

satisfactorily determined. 

For the Cuillin corrie glaciers, the field evidence is sufficiently clear 
to allow the geometry of the glaciers to be established for a number of 
stages of retreat. Figures 7.35 to 7.39 show reconstructions of the nine 
former glaciers at two stages: (A) the Loch Lomond Readvance 

maximum, and (B) the innermost retreat position that can be 
determined from the presence of moraines. The limits of the 
accumulation areas of the glaciers at stage B have been drawn 
identically to those for stage A (cf. Nye 1960; Mann 1986). The glacier 
surface contours were drawn according to the principles established 
by Sissons (1974c) and Sissons and Sutherland (1976) (see Appendix). 

Several authors have attempted reconstructions 'of theoretical 
steady-state equilibrium line altitudes (ELAs) for former valley 
glaciers. A method widely adopted by workers in North America is 
based on the accumulation- area ratio (AAR), or the ratio of the 

accumulation area to the area of the whole glacier. Sutherland (1984b) 

gives the following typical values for modern glaciers, based on 

mass-balance data: 
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Region n Range Mean t 
Alps 9 0.47-0.77 0.61 0.08 
Tien Shan 4 0.34-0.55 0.45 0.08 
Norway 10 0.49-0.61 0.56 0.05 
W North America 8 0.48-0.62 0.55 0.04 
Arctic Canada 3 0.66-0.71 0.69 0.02 

In studies of former glaciers, the most frequently employed values of 
AAR are 0.6±0.05 (eg. Andrews and Miller 1972; Porter 1970,1975; 
Meierding 1982). While this approach may be valid for the 
comparison of glacier maxima, there are problems with the 

application of the AAR method on shorter time scales, principally 
because the AAR cannot be assumed to have remained constant 
during glacier retreat (cf. Mann 1986). In the present study, ELAs have 
been calculated using Sissons' (1974c) area-weighted mean altitude 
method, which assumes linear altitudinal mass-balance gradients 
(Equation 4, Appendix). The method was chosen principally because 
(a) the assumption of linear mass-balance gradients is not a major 
source of error in the calculation of the ELAs of small valley glaciers 
(Sutherland 1984b); and (b) it is consistent with the procedure that 
was employed in the reconstruction of glacier velocities (see 
Appendix and Section 7.4.2). 

From the reconstructed stage A and stage B ELAs, the % ELA rise 
was calculated for each glacier: 

% ELA rise = ((ELAB - ELAA)/ELAA)) x 100. 

Glacier lengths and areas were measured for the stage A 

reconstructions. Glacier length was defined as the longest flow-line 

on the former glacier. The gradient of the glacierised areas of the 

corrie floors were found by map measurement of the gradients of 
500m segments of the corrie long profiles, and averaging the results. 
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The values of each of the variables are shown below. 

------------------------------------------------ 
ELAA ELAB % Rise L (km) A (km2) Gradient(O) 

Laogh 407 457 12 1.44 ' 0.766 20 

Ghrunnda 421 477 13 2.59 1.426 13 

Lagan 467 492 5 2.30 1.433 12 

Banachdich 449 487 8 1.89 1.066 15 

Ghreadaidh 460 480 4 2.53 2.317 12 

Creiche 359 426 19 3.39 4.396 11 

Seamraig 270 336 24 1.60 1.028 11 

Fearchair 332 361 9 0.87 0.466 16 

Gorm 266 357 27 2.37 1.451 9 

' Spearman's Rank correlation coefficients between the % ELA rise 

and glacier length, glacier area, and mean corrie floor gradient are 

+0.117, +0.017 and -0.508 respectively. None of these coefficients is 

significant at the 0.05 level, and it is concluded that for the present 
sample, there is no causal relationship between the variables and the 

amount of glacier retreat. The correlation coefficient between %ELA 

rise and the stage A ELA is -0.867, significant at the 0.01 level. The 

strong tendency for greater values of % ELA rise to be associated with 

glaciers with lower initial ELAs is shown graphically in Figure 7.40, 

and suggests that (a) the principal control on the width of the 

moraine belts is climatic; and (b) the stage B positions of the glaciers 
are broadly contemporaneous. Although the nature of the climatic 

control is likely to be complex, one possibility may be suggested. The 

apparent greater sensitivity of the glaciers with lower ELAs may be 
due to the differential effects of rising temperature. While a decrease 

in snowfall may be assumed to have a similar effect on all glaciers 
(assuming the pattern of prevailing snow-bearing winds remains 

constant), an increase in temperature may have a disproportionate 

effect upon lower-lying glaciers due to increased ablation and 

reduction of effective precipitation. 
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Further investigation of this intriguing problem requires a larger 

sample of glaciers and more rigorous methods of analysis. 
Unfortunately, the former glaciers of the eastern transection complex 

were unsuitable for this purpose, because major uncertainties exist 
over the correlation of inner moraines and, consequently, the 

calculation of stage B ELAs. However, summary data concerning the 

eastern transection complex glaciers lend some qualitative support to 

the idea that low ELAs are associated with broad belts of 'active ice' 

moraines. 

------------------------------------------------ 
Distance of inferred 

ELA active retreat (km) 

Strollamus 273 1.9 

Loch Ainort Basin 

(Torra-mhichaig) 269,2.1 

Slapin 250 4.3 

Srath Mör 214 2.6 

In conclusion, the following points can be made. 

(1) The distances of apparent active retreat of the glaciers are inversely 

proportional to the Loch Lomond Readvance maximum ELAs of the 

glaciers. 

(2) It is suggested from (1) that the variations in distances of apparent 
active retreat reflect- the greater sensitivity of low-lying glaciers to 

climatic amelioration, particularly increases in temperature. 

(3) The lack of evidence for active glacier retreat in the upper parts of 
the study basins may therefore be a consequence of rapid glacier 

recession, itself indicative of the onset of more rapid climatic 
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amelioration. 

7.5 Conclusions 

The results concerning the former independent corrie glaciers 
strongly support the conclusion reached in Chapter 6 that bedrock 
lithology and structure exerted an important influence on patterns of 
glacial debris provenance, transport and deposition in the Cuillin 
Hills during the Loch Lomond Stadial. In addition, mathematical 
modelling allows tentative conclusions to be drawn concerning rates 
of basal debris transfer and controls on glacier behaviour during the 
initial stages of deglaciation. The principal conclusions are 
summarised below. 

(1) The greater part of the debris load of most of the corrie glaciers was 
derived from the valley sides. It is inferred that debris was delivered 

to the glaciers by rockfalls and rock avalanches from free faces, and by 

movement of scree on debris-mantled slopes. It is also possible that 
snow avalanching was an important process of debris transfer during 

the Loch Lomond Stadial. 

(2) Free faces are preferentially developed on the north- and 
east-facing slopes of the corries. For a sample of six corries, the 
distribution of free faces and the size of lateral and frontal moraines 
are positively correlated, indicating that greater quantities of debris 

were delivered to the glaciers from free faces than from 

debris-mantled slopes. Geological variations also exerted a control on 
the quantity of debris that was delivered to the glaciers. 

(3) It is suggested that the asymmetric distribution of free faces in the 

corries is the result of the preferential development of firn basins on 
the lee side of ridges during the Pleistocene, resulting in the efficient 
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removal of debris. The distribution of free faces and the rates of 
subaerial debris delivery to the glaciers are therefore interpreted as a 
response to climatically-controlled patterns of glacier accumulation 
during successive stadials. 

(4) On massive rocks, basal entrainment of coarse debris from bedrock 

was of minor importance, although evidence for abrasion is 

widespread. However, basal debris entrainment was important on the 

closely-jointed rocks on the floor of Coire na Creiche. 

(5) The characteristics of the material that was delivered to the 

glaciers is related to the joint spacing in the parent bedrock. Massive 

rocks, such as the Inner Granite on Beinn na Caillich and certain basic 

rocks of the Cuillin complex, yielded predominantly boulder-sized 

material, while more closely-jointed lithologies produced finer 
debris. 

(6) The distribution of ice-sheet deposits adjacent to the inferred 
limits of two of the corrie glaciers (Coire Lagan and Coire na 
Banachdich, Fig. 7.12) indicates that such deposits may have been 

over-ridden and reworked during the Loch Lomond Readvance. 
Although it is suspected that a significant amount of reworked 
material is present in some of the moraines, it was not possible to test 
this idea. 

(7) Following' entrainment, debris entered both active and passive 
transport. Part of the passively-transported component was carried in 

medial moraines, which formed at glacier confluences and in relation 
to persistent debris sources on corrie backwalls. Active debris 

transport occurred at the interface between basal ice and bedrock, and 
during the deformation of subglacial till. Subglacial debris transport 

resulted in the modification of clasts and the production of fines. 
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(8) Subglacial sediment deformation is recorded by areas of 
longitudinally-lineated lodgement till in several of the corries. 
Modelled basal velocities for two of the glaciers, combined with 
assumed values for the mechanical properties of the basal tills, 

suggest that under appropriate pore-water pressures (80-90% of the 

normal stress due to ice overburden), the deformation of subglacial 
sediment could deliver rock debris to the glacier margins at rates of 
0.18-2.25 m3 m-1 yrl. In addition, it was estimated that the debris-rich 
basal layers of the glaciers could have delivered rock debris to the 

margins at similar rates, resulting in overall estimated basal debris 
delivery rates of 0.33-4.12 m3 m-1 yr1. These figures, taken together 

with granulometric data and the characteristics of clasts from end 
moraines, suggest that actively-transported material constituted an 
important component of the debris load of the former glaciers. 

(9) Where fine-grained material was present, debris was deposited at 
the former glacier margins by sediment-gravity flow and fluvial 

processes. It is inferred that the initial deposition of boulders was by 
dumping. Due to the scarcity of good, deep sediment exposures, it is 

uncertain whether ice-marginal sediment accumulation occurred in 

conjunction with ice push. No structural evidence was discovered for 

glaciotectonic activity, although local 'bulldozing' of proglacial debris 
is indicated by the pattern of moraines in one corrie (Coire Fearchair). 

(10) In most of the corries, lateral and frontal moraines occur only 
within 200-300m of the glacier limits, although important exceptions 
occur. The distribution of the moraines probably reflects the former 

activity of the glacier margins, and not the influence of debris supply. 
It is suggested that the moraines were deposited during intermittent 

glacier retreat in the initial stages of deglaciation, and that 

moraine-free areas are diagnostic of a later phase of uninterrupted, 
more rapid retreat. 
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(11) The lower-lying glaciers deposited broader belts of lateral and 
frontal moraines than the higher glaciers. Analysis of theoretical 
glacier equilibrium line altitudes suggests that the inner moraines in 
the corries are broadly contemporaneous and that the glaciers 
underwent different rates of net retreat in response to climatic 
amelioration. It is suggested that increases in temperature had a 
disproportionate effect on the lower-lying glaciers by increasing 

ablation and reducing the amount of total precipitation that fell as 
snow. 
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Fig. 7.6 The western Black Cuillin: topography. 
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Fig. 7.8 Upper Coir' a' Ghrunnda, looking north. The highest 
peak on the skyline is Sgurr Alasdair. Note the boundary 
between the pale peridotite (on the right) and the darker 
allivalite and intrusive tholeiites. 
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Fig. 7.9 Sgurr Thuilm above Coire na Creiche, looking south. 
The levees of sediment-gravity flow deposits can be seen on the 
slopes below the terraced cliffs to the right. 
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Fig. 7.10 Moraine distribution and pattern in Coire nan Laogh 
and Coir' a' Ghrunnda. 
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Fig. 7.14 Distribution of lodgement till and ice-scoured bedrock 
in Coire a' Ghreadaidh (left) and Coire na Banachdich. 
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Fig. 7.16 B-1: detail of structure and lithofaces. 

Fig. 7.17 B-1, B-2, G-1, G-2: clast characteristics. 
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Fig. 7.20 Large clast with stoss and lee form, lodgement till, 
Coire a' Ghreadaidh. Ice flow from left to right. 
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Fig. 7.21 G-1: detail of faulting of diamictons, sands and gravels. I 
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Fig. 7.22 Moraine pattern and distribution in Coire na Creiche. 
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Fig. 7.24 CR-1 and CR-2: clast characteristics. Localities as for 
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CR-1 

80 

60 

40 

20 

0 

I S. "i" 

" 
i. 1"" 

"" """ 
. 

" ý" 

at1L l L_- 

CR-1 CR-2 

ý 
_, i- 

VA A SA SR R VA A SA SR R 

CR"2 

." 
. ;t 

"I-J.. .. 
ýý "ý. " 

Zý . 

RA 1. 

2" s 

4,., 

Bamchdsch/ Ghieadasdh 
morame samples 

C40 



348 

a 

Fig. 7.25 Location of additional study areas in Applecross and on 
An Teallach. 
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Fig. 7.28 Glas Toll, An Teallach: rockwall distribution and 
moraine cross profiles. 
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Fig. 7.29 Toll an Lochain, An Teallach: rockwall distribution 
and moraine cross profiles. 
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Fig. 7.31 A: orientation of corrie heads in the Cuillin Hills; 
B: orientation of corries in the Scottish Highlands, from Sissons 
(1967a) The Evolution of Scotland's Scenery, Fig. 21. 
C: orientation of corries in Snowdonia, from Bennett (1990), The 
Cwms of Snowdonia, Fig. 9. 
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Fig. 7.34 Velocity distribution and segment notation for the 
modelled Ghreadaidh (left) and Banachdich glaciers. The 
velocities are based on mass balance gradient=0.015 m m-1. 



357 

Fig. 7.35 Reconstructions of the Eastern Red Hills glaciers at 
stages A and B. See text for explanation. 

Fig. 7.36 Reconstructions of the Laogh and Ghrunnda glaciers. 
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Fig. 7.37 Reconstructions of the Lagan and Banachdich glaciers. 

Fig. 7.38 Reconstructions of the Ghreadaidh glacier. 
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Fig. 7.39 Reconstructions of the Creiche glacier. 

Fig. 7.40 Graph of ELA rise associated with moraine formation 
against Loch Lomond Readvance maximum ELAs for the corrie 
glaciers. 
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Chapter 8 

Synthesis and Implications 

8.1 Introduction 

This chapter summarises the results of the research reported in this 
thesis . and considers some of the implications for future studies of 
moraines in formerly-glaciated valleys. In the first part of the chapter, 
the conclusions of the study are described in the context of a general 
model of glacial debris transfer appropriate to the study area (Fig. 8.1). 
A number of controls on debris production, transport and deposition 

are identified, and their relationships to a range of sediment- 
landform associations are examined. The second part of the chapter 
examines the implications of the results for the interpretation of 
Scottish glacial landforms, with particular reference to 'hummocky 

moraine'. Some important areas for future research are identified. 

8.2 Summary of results 

8.2.1 Debris transfer and moraine formation 

Overview 

- The results of the present study have been used to construct a 
summary model of glacial debris transfer (Fig. 8.1). The structure of 
the model is that of the glacial debris cascade system that was 
described in Chapter 3 (Fig. 3.2), while the individual components 
and linkages are based on the case studies that form the subject of 
Chapters 5,6 and 7. The model relates a number of glacial and 
paraglacial sediment-landform associations to local and up-glacier 

controlling variables, particularly the nature of the debris source, 
basin topography, local slope and glacier activity. 
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The starting point of the model is the input of debris. The character 

of the debris is primarily dependent on three factors: (1) bedrock 

lithology and structure; (2) source area topography; and (3) the history 

of weathering, erosion and deposition in the debris source area. The 

three factors are not independent, and some examples of their 
interrlationships are given below. 

Most importantly, bedrock geology exerts a major control over basin 

topography. On Skye, basins underlain by massive, resistant rocks 
tend to consist of -well-formed corries bounded by widespread free 

faces. By contrast, on well-jointed rocks, corrie forms are relatively 

subdued and basins tend to be surrounded by uniform rectilinear 

slopes (Section 4.3.2). The association of particular types of terrain 

with different rock types results in spatial differentiation of slope 

processes, with corresponding effects on the character and quantity of 
debris. For example, coarse talus deposits are common on slopes 

underlain by massive rocks, while debris cones composed of diamictic 

sediment are typical where the bedrock is closely jointed. 

Conversely, topography and landscape history can influence 

bedrock structure, and thus the characteristics of debris. This point 
that is illustrated in Figure 8.2a. Epigranite clasts that were released 
from valley sides which were covered by ice at the Loch Lomond 

Readvance maximum tend to be 'blockier' than periglacially- 

weathered scree material. This pattern reflects the joint distribution 

in the parent material (Sections 5.2.2,5.3.2), and is apparently the 

result of different histories of stress release and weathering (cf. 

Ballantyne 1982; Section 3.3.3). It is, possible that similar factors 

underlie the dissimilarity between the gabbro samples from Coire na 

Creiche and the scree control material (Fig. 8.2b). 

Finally, the topography of a basin and its geomorphic history are 

interdependent. An example of this relationship was explored in 

Section 7.4.1, in which it was argued that-the preferential distribution 

of rock walls on north- and east-facing slopes was the result of 
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self-reinforcing patterns of glacier accumulation and debris removal. 

The distribution of unconsolidated sediments in a glacial basin is 
influenced by historical, geological and topographic factors, such as 
former ice-flow directions, debris availability and slope angle. 

In Figure 8.1, debris sources are grouped into three categories: 
unconsolidated sediments, massive rocks and closely-jointed rocks. 
These categories are subdivided according to the position of the 

source area with respect to former ice cover. The model follows the 

subsequent movement of debris through subaerial and glacial 
pathways to its deposition by a variety of processes. The output of the 

model is a range of sediment-landform associations that vary in 

character according to debris history, ice-margin activity, and position 

of deposition. 

The entrainment, transport and deposition of debris by former 

glaciers in the study areas are summarised below within the context 

of the model. For convenience, basins underlain entirely by massive 
rocks, and those occupied by well-jointed rocks and/or abundant 
unconsolidated sediments are discussed separately. 

Basins developed in massive rocks 

The reconstructed glacial sediment system for areas underlain 

entirely by massive rocks is shown on the left-hand side of Figure 8.1, 

and illustrated schematically in Figure 8.3. In the study areas, the 

principal characteristics of the system were as follows. 

(1) Under subaerial conditions, both during and prior to the Loch 

Lomond Stadial, coarse debris was released from free faces in rockfalls 

and rock avalanches. Debris released on slopes below c. 400 

accumulated as scree or coarse debris mantles. Scree on massive rocks 
in the Cuillin Hills is typically coarse and well-drained, and it is 

unlikely that sediment-gravity flow and fluvial processes were 
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important mechanisms of debris transfer. Snow-avalanching may 
have transported significant amounts of debris (Section 7.2.4). Scree 
deposited on the floors of basins during the Lateglacial Interstadial is 
likely to have formed an important source of readily-entrained debris 
during the subsequent build-up of glacier ice. 

(2) During the Loch Lomond Stadial, glaciers received greater 

amounts of material from free faces than from debris-mantled slopes, 

probably because debris released from free faces could directly enter 

glacial transport without intermediate storage (Section 7.4.1). 

(3) The greater part of the coarse debris load of the former glaciers was 
derived from the corrie walls, and only small amounts by subglacial 

plucking (Sections 5.4.4,7.2.2,7.2.3,7.3.2,7.3.3,7.3.5,7.3.6,7.4.1). By 

contrast, the most important source of fine material was subglacial 

abrasion (Sections 7.3.5,7.3.6,7.4.2). 

(4) Following entrainment, coarse debris derived from the valley 

sides entered both passive and active glacial transport paths. Passive 

transport of debris occurred in lateral positions and in medial 

moraines which formed at glacier confluences and downglacier from 

persistent debris sources on the basin backwalls (Sections 5.4.4,7.3.3, 

7.3.4). 

(5) Active debris transport took place in two situations: (1) below 

sliding ice; and (2) in deforming basal till layers. The movement 'of 
debris-laden basal ice over bedrock is recorded by striated and 
ice-moulded rock surfaces (Sections 5.1,7.2,7.3), and evidence of 
former subglacial sediment, deformation is provided by areas of 
lineated lodgement till on the floors of some corries (Sections 5.4.5, 

6.1,7.2.4,7.3.4,7.3.5,7.3.6). Active transport resulted in abrasion of 

clasts and the production of fine-grained material. 

(6) Clast evolution during active transport consisted of edge-rounding 

and reduction in c: a axial ratios. The latter probably resulted from 

preferential fracture across long axes during crushing (Section 4.4.5; 
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Fig. 8.2b). 

(7) It was calculated that subglacial sediment deformation required 
pore-water pressures in excess of 80-90% of the normal pressure due 

to ice overburden. Under such conditions it is possible that debris 

transport rates of 0.18 - 2.25m3m-lyr-1 occurred below the marginal 
areas of the glaciers. Similar values were calculated for sediment 
transport in the basal ice of the former glaciers (0.05 - 1.87m3m-lyr-1), 

giving total calculated rates of 0.33 - 4.12m3m-1yr-1 (Section 7.4.2; 
Appendix). 

(8) Actively-transported debris was deposited directly as lodgement 

till, or became incorporated in moraines following elevation and/or 

reworking (Sections 7.3.5,7.3.6). 

(9) Debris elevation occurred at glacier confluences or close to the 

glacier margins. It is inferred that the latter was quantitatively more 
important. 

(10) Diamictic actively-transported debris became mixed with coarse 
passively-transported material prior to or during reworking at the 

glacier margins. In some basins, actively-transported material 
comprised an important component of the debris (Sections 7.3.5, 
7.3.6). In such situations, final deposition was by sediment-gravity 
flow, other gravitational processes and meltwater. By contrast, most 
coarse bouldery debris appears to have been initially deposited by 
dumping from the glacier margins. 

(11) Continuous arcs of boulders and sharp-crested moraine ridges 

provide evidence of advancing or stationary ice margins (Figure 8.3). 
Cross-cutting relationships between such moraines (Section 7.2.3) 

provide further evidence for intermittent readvances during glacier 

retreat. 

(12) Within-valley asymmetry of moraines occurs in a number of 

corries underlain by massive rocks (Figure 8.3). Controlling factors 
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were: (a) lithological variation on the valley sides; (b) preferential 
topographically-controlled moraine superimposition; and (c) 

asymmetric distribution of free faces in the corrie. In the last case, 
moraine asymmetry resulted from greater rates of debris delivery 
from free faces than from scree slopes (Sections 7.3.5,7.3.6,7.4.1; see 
(2) above). 

(13) Extensive areas of ice stagnation topography do not occur in 
basins underlain by massive rocks. Deposition during glacier retreat 
resulted in thin bouldery veneers and longitudinally-oriented 
boulder trains overlying lodgement till. 

(14) Following deglaciation, sporadic slope activity resulted in talus 

accumulation. 

Basins underlain by well-jointed rocks and/or floored by 

unconsolidated sediments 

In the study areas, the most widely-occurring well-jointed rocks are 
Jurassic strata, felsite, and certain epigranites and basalts. 
Unconsolidated sediments include ice-sheet deposits, hillslope 
deposits, and sediments exposed by glacier retreat during the Loch 
Lomond Stadial. The transport and deposition of debris derived from 

well-jointed rocks and unconsolidated sediments are grouped 
together in the model for two reasons. First, both sources tend to yield 
large amounts of diamictic, readily-entrained debris, and thus result 
in similar sediment-landform associations. Second, in the study 

areas, abundant unconsolidated sediments often occur in association 

with well-jointed rocks, and in such cases both sources can be 

regarded as parts of a single debris system. It should be noted, 
however, that areas of unconsolidated sediments, including ice-sheet 
deposits and pre-Loch Lomond Stadial talus, can constitute locally 

important debris sources in areas underlain by massive rocks 
(Sections 7.3.4,7.3.5). 
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The principal characteristics of the well-jointed rocks/ 
unconsolidated sediment model are shown on the right-hand side of 
Figure 8.1, and illustrated schematically in Figure 8.4. One of the 
most important features of the model is that both supraglacial and 
subglacial debris entrainment can be significant (cf. Section 8.2.2). The 

structure of the model allows for the dominance of either 
component. In the study areas, the relative importance of the two 

components was controlled by basin geology and local topography. 
Supraglacial entrainment was dominant where the former glacier 
surfaces were overlooked by relatively steep slopes (over c. 200) 

composed of well-jointed rocks or unconsolidated sediments 
(Sections 5.2.2,5.3.2). In the central parts of valleys, subglacial 
entrainment was more important (Sections 6.2.4,6.4.2,7.3.7). In some 
of the study areas, neither component was dominant and debris from 
both supraglacial and subglacial sources became mixed prior to or 
during deposition (Section 5.4.2); such cases are represented by the 
dashed horizontal lines on Figure 8.1. 

The transfer and deposition of material derived from well-jointed 
rocks and unconsolidated sediments in the study areas are discussed 
below. 

(1) Subaerial debris transport during the Loch Lomond Stadial was by 

a range of -processes. In general, fine material was abundant, and 
sediment-gravity flow and fluvial processes were dominant (Sections 
5.2.2,5.3.2,5.4.3). In addition, debris transfer by snow-avalanching 
may have been important (Section 5.1). On some epigranite slopes, 
stonefall from free faces resulted in the accumulation of coarse scree 
(Sections 5.1,6.1). There is abundant evidence of landslips, the 
location of which was apparently controlled by bedrock structure 
(Sections 5.2.2,5.3.2,6.3.1). 

(2) Slope activity was high during the retreat of the Loch Lomond 
Readvance glaciers, as the result of (a) the abundance of freshly- 

exposed unconsolidated sediment, and (b) slope adjustment to 

subaerial conditions. Downslope movement and reworking of 
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material continued after deglaciation. 

(3) During the Loch Lomond Stadial, debris from extraglacial slopes 

either (a) entered glacial transport or (b) was deposited adjacent to the 

glacier ablation areas and was not transported further by glacier ice 
(Sections 5.2.2,5.2.3,5.3.2,5.4.2,5.4.3,5.2.4,6.3.3,6.4.2,6.4.3,7.3.7). 

(4) Supraglacially-entrained debris entered both passive and active 
transport (Sections 5.2.2,5.2.3,5.3.2,5.4.2,6.2.4,6.3.3,6.4.2). Passive 
transport was predominantly in lateral positions (Section 6.4.2). 

(5) Subglacial plucking was important on well-jointed rocks, during 

both ice-sheet glaciation and the Loch Lomond Readvance (Sections 

5.4.2,6.2.3,6.2.4,6.3.4,6.4.2,7.3.7). By contrast with areas underlain by 

massive rocks, plucking was more important than abrasion in 

releasing material from bedrock (Sections 6.2.3,6.4.2). However, it is 

inferred that significant amounts of abrasion occurred during active 
transport (see (7) below). Unconsolidated sediments were entrained 
following over-riding (Section 6.2.3). 

(6) Some components of the subglacially-entrained debris were 
modified during active transport, while others reached the glacier 
margins without significant modification (Sections 6.2.4,6.4.2,7.3.7). 
The occurrence of such unmodified debris implies that some 
sediment was elevated from the glacier bed into passive transport 

paths. It is probable that most such elevation occurred close to the 
former glacier margins in association with shear planes. 

(7) The response of debris to active glacial transport varied with 
lithology (Fig. 8.2a, c). Epigranite and quartz sandstone clasts were 
modified by a combination of edge-rounding and preferential a-axis 
fracture, while shale clasts were edge-rounded, but underwent no 
systematic changes in form. This difference probably reflects the 

greater fissility of shales. Shale was also more readily disaggregated 
into fine-grained material than other lithologies (Section 6.2.4). 



368 

(8) Some actively-transported debris was deposited subglacially as 
lodgement till. Patterns of subglacial debris transport and deposition 

were influenced by the substrate topography (Section 6.4.2). 

(9) Actively- and passively-transported debris was released at glacier 
margins where it was reworked by a range of processes. Reworking 

most frequently occurred by non-channelised and channelised 
sediment-gravity flows (Lawson types I, II and III; Sections 5.2.2,5.2.3, 

5.3.2,5.3.3,5.4.3,5.4.5,6.2.4,6.3.4,6.4.2). Deposition by other 

gravitational processes (grouped together as 'dumping' in Figure 8.1) 

and by meltwater was locally important. No melt-out tills were noted 
in'the study areas. Adjacent sediment units commonly contain debris 

from different sources, reflecting transport along discrete paths. 

(10) A variety of sediment-landform associations formed at the 

margins of the glaciers depending on whether (a) the ice margins 

were active or stagnant, and (b) deposition occurred on the valley 

sides or valley floor (Figs. 8.1,8.4). The slope threshold between the 

valley-side and valley-floor associations lies in the range 100 - 20° 
(Sections 5.3.1,5.4.3) For the purposes of description, landforms that 

occur on low-angled slopes on spurs are regarded as part° of the 

valley-floor assemblages. An additional control on landform 

morphology was the relative importance of supraglacially- and 
subglacially-derived debris. 

(11) On valley sides, features that formed in association with active 
ice margins include valley-side benches and moraine ridges. 
Glaciotectonics were of at least local importance in moraine 
formation (Sections 5.3.2,5.4.3). Where moraine ridges are closely- 

spaced, the terrain can appear to be chaotic, and some such 

occurrences have been mapped as 'hummocky moraine' (Ballantyne 

1989a). 

(12) In places where supraglacially-derived debris was dominant, 

paraglacial slope deposits are widespread, and often interdigitate with 

glacigenic sediments (5.2.2,5.3.2,5.4.3). In such cases, continued slope 
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activity following deglaciation tended to break the continuity of 
glacigenic landforms, enhancing the apparently chaotic appearance of 
some assemblages. Where subglacially-derived debris was dominant, 

moraines tend to be more continuous, although downslope 

reworking was still significant on steeper slopes (Sections 6.2.4,6.4.2). 

(13) On the valley floors, active ice formed beaded, massive and 

continuous moraine ridges (Sections 5.3.3,5.4.4,6.2.3,6.2.4,6.3.2,6.4.2, 

7.3.7). Moraine ridges are commonly 2-4m high, but can be up to 20m 
in height (Sections 6.2.3,6.3.2,6.4.2). Some moraines have 

asymmetric cross-profiles, the distal slopes being the steeper (Sections 

5.3.3,6.3.2). Although this asymmetry suggests that glaciotectonics 

played a role in moraine formation, supporting sedimentological 

evidence was not available. Abundant evidence exists for sediment 

reworking during moraine formation (Sections 5.3.3,6.3.4,6.4.2). On 

Skye, active-ice valley-floor moraines have been mapped as 
'hummocky moraine' by, Sissons (1977a) and Ballantyne (1989a), 

although both authors recognised the presence of transverse linear 

elements (Section 7.3.7). 

(14) During the Loch Lomond Readvance, deposition from stagnant 
ice occurred (a) on valley floors in association with actively-retreating 
glaciers (Sections 5.2.3,6.3,7.3.7), and (b) during uninterrupted glacier 
retreat (Sections 5.4.5,6.4.3). In one area, evidence exists for in situ 
glacier stagnation (Section 6.4.3). Ice-stagnation topography also 
occurs outside the limits of the Loch Lomond Readvance (Sections 
6.2.3,7.3.3,7.3.4). 

(15) On the valley floors, ice stagnation resulted in chaotic 
assemblages of simple or composite hummocks, rim-ridges, 
non-aligned ridges, and fluvial terraces (Fig. 8.4). Longitudinally- 

oriented boulder trains and chains of hummocks occur in places 
(Section 5.4.5). Internally, the hummocks and ridges commonly 
consist of faulted and deformed sediments which record repeated 
reworking episodes (Sections 5.2.3,5.4.5,6.3.4). Some hummocks 
have an anticlinal structure (Sections 5.2.3,6.3.4). 
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(16) Widespread valley-floor ice-stagnation topography tends to occur 

where supraglacially-derived debris was dominant (Sections 5.2.3, 

5.4.5), apparently because the presence of abundant high-level debris 

on the ice surface encouraged uneven glacier ablation (Section 3.4.1). 

(17) On valley sides, deposition from stagnant ice resulted in debris 

fans and discontinuous kame terraces (Section 6.4.3). 

(18) Slope activity following deglaciation was greater than in areas 

underlain by massive rocks. As a consequence, glacigenic landforms 

on steep slopes (>300) are often poorly-preserved. 

8.2.2 Moraine distribution and patterns of glacier retreat 

The distribution of moraines in the study areas is summarised in 

Figures 8.5 and 8.6. In all areas, lateral and frontal moraines are 

confined to the lower parts of the corries and valleys. The upper parts 

of the basins are occupied by areas of lodgement till and ice-scoured 

bedrock, and longitudinally-oriented forms (such as fluted moraines 

and boulder trains) occur in several places. 

The distribution of lateral and frontal moraines indicates that 
during the initial stages of deglaciation, periods of glacier retreat were 
interrupted by readvances and/or stillstands. Clearly-identifiable 

glacier retreat positions are shown in Figures 8.7 and 8.8. The figures 

show that the distribution of lateral and frontal moraines in the study 

areas is uneven. In some areas, such moraines occur only within 
200-300m of the Loch Lomond Readvance maxima, while in others 

much wider belts of moraines exist. In the case of the Loch Slapin 

basin, moraines record active glacier retreat for 4.3 km (Sections 6.4, 

7.4.3). The positions of the up-valley limits to lateral and frontal 

moraines are apparently unrelated to geological controls on debris 

supply, and it is probable that such moraine limits reflect changes in 

glacier activity (Sections 6.2.4,7.4.3). For each of the nine former 
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corrie glaciers, it was possible to quantify the amount of glacier retreat 
recorded by lateral and frontal moraines by calculating the associated 
rise in theoretical equilibrium line altitude (ELA). No correlation 
exists between the amount of ELA rise and the area or length of the 
former glaciers, or basin slope. However, a significant negative 
correlation exists between the ELA rises and the Loch Lomond 
Readvance maximum ELAs of the glaciers. This result indicates that 
the lower-lying glaciers were more sensitive to climatic amelioration 
than the higher glaciers, and suggests that the effects of rising 
temperature on low-altitude ice ablation and snowfall may have been 
important (Section 7.4.3). 

The later stages of deglaciation appear to have been characterised by 

uninterrupted retreat. The pattern of longitudinally-oriented forms 
in the Loch Ainort basin is of particular interest in this respect (Fig. 

8.6; Section 5.4.5). The orientation of fluted moraines and boulder 

trains in the basin record the pattern of ice flow that obtained when 
the Loch Ainort glacier terminated in tidewater. That these features 

were not reoriented during glacier retreat indicates that deglaciation 

was relatively rapid. It is notable that in many parts of the northern 
Highlands, longitudinally-oriented moraine forms within the Loch 
Lomond Readvance limits often relate to early retreat positions of the 

glaciers (Sissons 1977b; Robinson 1977; Ballantyne and Wain-Hobson 
1980; Lawson 1986), suggesting that the glaciers retreated rapidly at the 

end of the stadial after an initial period of ice margin fluctuation. 

Evidence for late-stage in situ glacier stagnation exists in one area, 
the low-floored valley of Srath Mör (Figs. 8.6,8.8). In that valley, 
stagnation apparently occurred when the glacier became isolated from 

its last remaining high source area (Section 6.4.3). The controls on 

glacier stagnation in Srath Mör are therefore similar to those invoked 
by Sugden and Clapperton to explain certain areas of 'hummocky 

moraine' in the Cairngorms (Section 2.4). 
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8.3 Implications and areas for future research 

8.3.1 The genesis and significance of Scottish 'hummocky moraine' 

The results of the present study indicate that previous conclusions 
regarding the character and significance of Scottish Lateglacial 

moraines have been too narrow in scope. In particular, the traditional 
division of Scottish moraines into fluted, lateral-frontal and 
hummocky forms has been shown to be simplistic, and inadequate as 
a basis for detailed palaeoenvironmental and palaeoclimatic 
reconstructions. Furthermore, the tendency of some workers to 

ascribe all 'hummocky moraine' to a single mode of formation is 

unjustified. 

In the study areas, landforms that have been mapped as 
'hummocky moraine' originated in a variety of ways, namely (a) 

uneven deposition of supraglacially- and/or subglacially-derived 
debris at active ice margins (eg. northern Srath M6r, Section 6.3), (b) 
deposition at the stagnant margins of otherwise active glaciers (eg. the 
floor of Gleann Torra-mhichaig, Section 5.2.3), and (c) deposition 
during uninterrupted glacier retreat (eg. the head of Loch Ainort, 
Section 5.4.5). In one instance, (c) occurred in association with a 
stagnating glacier remnant in a topographically-favourable location 
(central Srath M6r, Section 6.4.3). Apparently 'hummocky' moraines 
are strongly associated with areas underlain by well-jointed rocks 
and/or unconsolidated sediments. The influence of sediment supply 
on the distribution of 'hummocky moraine' was pointed out by Eyles 
(1983a), although he only considered the case where 
supraglacially-derived material was dominant. 

The presence of ice-stagnation topography outside the limits of the 
Loch Lomond Readvance in the study areas demonstrates that 

reconstructed ice limits based on the evidence of 'hummocky 

moraine' alone must be regarded with caution. 

It is concluded that 'hummocky moraine' in the Scottish Highlands 
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is polygenetic and attributable to more than one glacial event, and 
that detailed morphological and sedimentological studies are 
required to determine the origin of particular occurrences. 

8.3.2 Future applications of the debris transfer model 

The summary debris transfer model illustrated in Figure 8.1 may be 

used as a framework for future studies. The model can be employed 
in two main ways. First, the model can be used as a starting point in 
the investigation of new areas where the influence of additional 
factors can be explored. Second, particular aspects of the model can be 

tested and refined in detailed investigations of specific problems. 

In the first case, the scope of the model can be expanded in a 
number of directions. Four possibilities are listed below. 

(1) The effects of a broader range of rock types on the supply and 
character of debris can be examined. Studies of moraines that occur 
on Moinian and Dalradian schists and phyllites would be particularly 
useful because these rock types underlie large areas of the Scottish 
Highlands, and yet the patterns of glacial sedimentation in such areas 
are still poorly understood. 

(2) The model can be tested in other parts of Scotland to determine 

whether any regional variations in patterns of former glacial 
sediment transfer and deposition can be identified. For example, it is 

possible that the model is not applicable in its present form to areas 
that experienced a more continental climate during the Lateglacial. 

(3) The links between glacial debris transfer and periglacial systems 
can be explored, with particular reference to the controls on the 

character and supply of debris. 

(4) There is a need for detailed studies of areas where glaciers 
over-rode thick accumulations of deformable unconsolidated 
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sediments. Situations where such over-riding may have occurred 
have been mentioned by Sissons (1977b), Hodgson (1982) and 
Ballantyne (1989a), and it is likely that the presence of deformable 

substrata exerted a locally-important control on glacier behaviour and 
patterns of sedimentation. 

Within the framework of the present model, there is considerable 

scope for detailed investigations of particular aspects of glacial debris 

transfer and deposition. In particular, the following points deserve 

mention. 

(1) An important priority is the more detailed descrimination of 
debris source categories. One approach would be the quantification of 
source area characteristics, incorporating such factors as 
measurements of joint spacing and orientation, intact rock hardness 

and rock-mass bulk properties. Rock mass classification schemes 
such as that proposed by Selby (1980,1982) could be effectively 
employed. 

(2) In the present study, the use of combined clast form and 
roundness measures has proved a valuable technique in tracing the 

evolution of debris assemblages under active glacial transport. The 

present results could be profitably supplemented by studies of a wide 
range of lithologies, particularly when combined with quantitative 
measures of rock hardness and structural anisotropy. The application 
of such techniques in modern glacial and periglacial environments 
would provide a particularly valuable source of control data. 

(3) Further data are needed on the provenance and transfer of 
fine-grained material. The collection of unequivocal data requires 
careful selection of study areas, where material from different parts of 
the basin can be identified on the basis of key minerals. 

(4) There is great potential for further detailed sedimentological 
studies. One problem that merits attention is is to establish the 
importance of glaciotectonic processes and glacier surges in moraine 
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formation during the Loch Lomond Stadial. In the present study, 
examination of this problem was hampered by the scarcity of deep 

sections through large moraine ridges, and it may be necessary to 

employ mechanical means to create suitable exposures. Such means 
have been profitably employed by workers in North America and 
Scandinavia (eg. Shaw and Kvill 1984; Möller 1987). 

(5) Further use could be made of mathematical models of glacier mass 
balance, flow and debris flux. A major challenge is the development 

of a time-dependent numerical model of subglacial sediment 
deformation and deposition, incorporating the effects of realistic 
stress distributions and basal water pressures. A second possibility is 
further exploration of the relationship between glacier retreat 
patterns and palaeoclimate. 

Studies of areas that were occupied by valley glaciers during the 
Loch Lomond Stadial can form a valuable complement to 

observations in modern environments. Particularly when combined 
with modern glaciological theory, such studies have the potential to 

solve long-standing problems of landform development, and to 
determine long-term patterns of glacier behaviour and climatic 
change. 
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Fig. 8.2 Co-plots of clast form (C40) and roundness (RA) indices. 

A: epigranite; B: gabbro (sensu lato); C: Jurassic. 
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Fig. 8.3 Block diagram showing glacial landform development on 

massive rocks. 
1. Free-face dominated valley side; 2. debris-mantled slope dominated 

valley side; 3. blockfield; 4. rock walls; 5. rockfall, rock avalanche; 
6. snow and debris avalanche; 7. debris fans; 8. scree; 9. trimline; 

10. firn line; 11. ice-scoured bedrock; 12. supraglacial medial moraine; 
13. supraglacial lateral moraine; 14. glacigenic sediment-gravity flows; 

15. ice push; 16,17. asymmetric lateral-frontal moraines; 18. lateral 

boulder lines; 19. medial moraine; 20. terraces; 21. stream dissection; 

22. lineated lodgement till. 
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Fig. 8.4 Block digram showing glacial landform development on 

closely-jointed rocks. 
1. lateral boulder line; 2. valley-side bench; 3. stacked lateral moraines; 
4. diverted stream; 5. landslip scar; 6. landslip debris; 7. sediment- 

gravity flows; 8. rock wall; 9. scree; 10. ice-marginal stream; 11. glacier; 
12. supraglacial medial moraine; 13. englacial debris; 14. subglacial 
debris; 15. supraglacial lateral moraine; 16. thrust planes below 

margin; 17. supraglacial stream; 18. glacigenic sediment-gravity flows; 

19. massive frontal moraine; 20; margin stagnation; 21. longitudinal 

boulder train; 22. chaotic hummocks; 23. terminal moraine; 

24. closely-spaced lateral-frontal moraines; 25. stream dissection; 

26. terraces; 27. ice-sheet deposits. 
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Fig. 8.5 Western Black Cuillin: moraine pattern. 
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Fustern Cuillin Hills: 

Moraine pattern 

Fig. 8.6 Eastern Cuillin Hills: moraine pattern. 
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Fig. 8.7 Western corrie glaciers: reconstructed retreat pattern. 
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Appendix 

Modelling Glacier Velocities and Basal Shear Stresses 

Outline 

A steady-state model was designed in order to derive velocity and 
basal shear stress values for former valley glaciers. The primary 
inputs are: (i) areal, altitude and co-ordinate data measured from 

reconstructions of the extent and surface form of the glaciers, and (ii) 

assumed values for their mass-balance gradients. Using these data, a 
number of formulae, continuity equations and a flow law for ice are 
used to calculate (i) valley 'shape factors', (ii) discharges, (iii) mean 
velocities, (iv) centre-line surface velocities, (v) basal velocities, and 
(vi) basal shear stresses. The model incorporates a networking 
routine that allows the velocity distribution in tributary glacier 
systems to be examined. Preliminary results of the model were 
reported by Benn (1989b), although details of the procedure were not 
given therein. Similar models have been employed by Booth (1986) 

and Sharp et al. (1989). 

Assumptions and sources of error. 

The most important assumptions made by the model are as follows. 

(1) The reconstructed glaciers are in steady-state, ie. they maintain 
constant geometry and dynamics. 

(2) The reconstructed glaciers are temperate, and isothermal at OTC. 
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(3) The deformation rate of ice is fully described by the Glen (1955) 

flow law E=ATn, where T is the shear stress and A and n are 
constants. 

(4) Ice is incompressible, and has a density of 900kg m-3. 

(5) Ice discharge is driven by gravity and a mass-balance gradient that 
is linear with altitude. 

The assumption of steady state is valid in a general sense for glaciers 
at their maximum extent when, at least briefly, the factors causing 
growth and those causing retreat must be in equilibrium. Although it 
does not follow that the velocity and stress field of such glaciers must 
have achieved equilibrium with climate, small valley glaciers are 
known to respond rapidly to climatic fluctuations (Nye 1960; Paterson 
1981). It is therefore supposed that assumption (1) represents a 
reasonable approximation to conditions at the Loch Lomond 
Readvance maximum, at least for small independent corrie glaciers. 

Assumptions (2) and (3) allow the rheology of a reconstructed 
glacier to be described by a single flow law. Although the thermal 

structure and stress-strain relationships in temperate valley glaciers 

are complex functions of several variables (Lliboutry 1976; Raymond 

1980; Paterson 1981), on large scales, assumptions (2) and (3) represent 

reasonable approximations to reality. Glacier velocities calculated by 

Meier et al (1974) and Bindschadler et al. (1977) using similar 

assumptions agree well with observations. The flow law parameter A 

appropriate to ice at OTC is 5.3 x 10-15 s-1kPa-3, and n is taken as 3 
(Paterson 1981). 

The fourth assumption ignores the progressive transformation of 
snow into ice in glacier accumulation areas. Consolidation processes 
occur relatively rapidly on temperate glaciers due to the presence of 
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water (Paterson 1981), and the snow-ice transition can be complete at 
depths of 13-33m from the glacier surface. As a consequence, 
modelled velocities based on an assumed constant density of 900 kg 

m-3 will tend to be-slight over-estimates in the accumulation areas, 
where the glaciers were thin. However, the focus of the present 
exercise is the reconstruction of velocities in the glacier ablation areas, 
where the assumption of constant density is reasonable. 

The single most important influence on the glacier velocities 
computed by the model is the mass-balance gradient. Gradients 

measured on modern glaciers are a function of numerous variables, 
and vary widely in characteristics (Mayo 1984). To date, both linear 

and non-linear mass-balance gradients have been utilised in glacier 
flow models. Boulton et al. (1984) employed gradients that were 
composed of two linear segments linked by cubic polynomials in the 

region of the glacier equilibrium lines. A similar procedure was used 
by Sharp et al. (1989) who used two linear segments linked by a 
hinge-point at the equilibrium line. 

In the present study the mass-balance gradients were assumed to be 
linear, for two principal reasons. First, the use of linear gradients 
simplifies the design of the model, and obviates the need to establish 
the optimum position of gradient inflection points by trial and error. 
Second, for many valley glaciers, linear gradients are reasonable 
approximations to reality. For example, Sutherland (1984b) showed 
that for a sample of 25 modern glaciers, a close correspondence exists 
between equilibrium line altitudes (ELAs) determined using 
empirical mass balance data and theoretical ELAs calculated on the 

assumption of linear mass-balance gradients. The theoretical ELAs 
tend to be slight over-estimates; if the large error introduced by one of 
the glaciers in Sutherland's sample is ignored, the mean deviation 
from the empirically-derived values is +22m. 
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Errors resulting from the assumption of linear mass-balance 
gradients are small in comparison with those that may arise from the 
incorrect choice of gradient magnitudes. The rate of change of mass 
balance with altitude is a function of ambient temperatures and 
precipitation, neither of which can be estimated for the Loch Lomond 
Stadial with great accuracy. Consequently, it was considered 
important to employ a range of mass-balance gradients in the model, 
thus creating an envelope of output velocity values. Such envelopes 
automatically subsume the range of velocity values that would be 

generated using non-linear mass-balance gradients. Lines 'fitted to 

published mass balance curves for modern temperate maritime 

glaciers'yield gradients of 0.006-0.023 m yr-lm-1 (cf. Meier et al. 1971; 

Paterson 1981; Boulton et al. 1984; Mayo 1984). In the present exercise, 

each data set was run using gradients of 0.006,0.009,0,012,0.015,0.018 

and 0.021 m yrlm-1. 

In addition to the foregoing assumptions, the model is subject to 
two principal sources of calibration error. First, the planform of the 
reconstructed glaciers may be incorrect. However, the empirical 
evidence given in Chapter 7 is sufficiently clear to allow a horizontal 

accuracy in the reconstructions of c. 30m, and errors of this 
magnitude are not felt to be serious. Second, errors may arise in the 
reconstruction of glacier surface contours and the subsequent 
measurement of surface areas. In the present exercise glacier surface 
contours were drawn concave downvalley in the accumulation areas 
and convex downvalley in the ablation areas, and with reference to 
the form of the valley floor and ice-flow indicators such as striae (cf. 
Sissons 1974c; Sissons and Sutherland 1976). The contours were 
further modified following initial runs of the model in order to 

smooth the longitudinal variation in basal shear stresses and 
velocities. However, inaccuracies in the reconstruction of glacier 
contours are not thought to be important, because unless improbable 

configurations are introduced, the precise form of the contours 
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significantly affects the output of the model only on a local scale (see 
below). In the present exercise, the reconstructed glaciers were drawn 

at a scale of 1: 10560, and the area data were obtained using a Tektronix 
4956 graphics tablet and processed on a Tektronix 4051 

micro-computer. 

Equations 

From the assumption of invariant glacier dimensions, it follows 

that the discharge of ice in time t through a given cross-section X 

oriented normal to flow will be the integration of the up-glacier mass 
balance in t (Raymond 1980): 

Q(X, t) = JA(X)ab/at dA (1) 

Q(X, t)= discharge through X in time t 
A(X)= hortizontal area of the glacier above X 

ab/at= mass balance. 

Because ab/at is positive in the accumulation area and negative in 

the ablation area, Q(X, t) will increase in a downglacier direction 

towards the equilibrium line, and thereafter decline to, zero at the 

snout. In the reconstruction of former glaciers, quantification of the 

continuous spatial variation of ab/at is not practical, and an iterative 
form of the discharge equation is preferable: 

4(X, t)=E (Ai bi/t) (2) 

Ai=area of glacier segment i 

bi/t=mean mass balance for glacier segment i. 
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The advantage of the iterative form is that mass balance can be 

calculated for a number of segments of the glacier surface, based on 
reconstructed glacier surface contours and an assumed mass balance 

gradient. 

The assumption of a linear mass balance gradient gives: 

bi/t-i+jFý- 

d=mass balance at datum altitude 
j=mass balance gradient 
Hi=mean altitude of segment i. 

If d is set at the equilibrium line altitude (ELA), then: 

b; /t=(b ELA /t) + jH; 

C3) 

ý1 ýý' 

However, this form of equation (3) requires that all altitude data need 
to be measured (positively and negatively) from the ELA. This 

requirement can be avoided by setting the datum altitude at modern 

sea level and calculating d from: 

d= jHELq (3b).. - 

From the assumption of a linear mass-balance gradient, the, 

equilibrium line altitude of the glacier is its area-weighted mean; 

altitude (Sissons 1974c): 

HELA=Y AiHi / Ai (4). 
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The calculation of the basal ice velocity (ub) from the discharge 

(equation 2) proceeds by three stages. 

(a) Mean velocity through a cross section 

From continuity: 

ui=&/ice " Qi/ai 

=1.11 Qi/ai (5) 

ui=mean velocity through cross section i 

ai=area of cross section i 

PW=density of water (1000 kg m-3) 

P ice= density of ice (900 kg m-3). 

(b) Surface velocity at the centre-line (Us). 

The variation of velocity in a cross section of a valley glacier is 
influenced by drag at the base and sides of the channel, and 
consequently the maximum velocity is at the glacier surface at the 

centre-line (Nye 1965c; Raymond 1980). Numerical analyses show 
that the velocity distribution is sensitive to the channel shape (Nye 

1965c) and the basal boundary condition (Reynaud 1973), and rigorous 
modelling requires assumed values of a number of factors, the most 
important of which is the basal water pressure. However, Raymond 

(1980) has suggested that us can be estimated from u using a 

proportionality: 

r=u : us (6). 

Raymond (1980, p. 103) gives values of '... about 0.63 for no slip and 
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values up to 30% larger for fast central slip'. In the present model, the 

ratio RU = 1/r is used, with corresponding values of 1.6 and 1.2. 

(c) Basal velocities at the centre-line. 

The surface velocity (us) in a glacier consists of two components; 

(i) that due to internal deformation of the ice (udef); and (ii) that due 

to basal sliding and substrate deformation (ub). The velocity 

component due to internal shear can be calculated and ub derived 
from: 

Ub = Us -U def 

The equation for u def was given by Paterson (1981): 

(7). 

u def = 2A (Tb)n h/ (n+l) (8) 

Tb=basal shear stress 
h=ice thickness 

A, n=flow law parameters. 

For a two-dimensional ice mass, the basal shear stress is given by: 

Tb=/q, re gh sin a (9) 

ice = ice density 

g= gravitational acceleration (9.81 m s-2) 
h= ice thickness 

a= surface slope. 

However, for alpine glaciers, valley-side drag causes part of the 
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weight of the glacier to be supported by the channel walls and 
consequently an additional term must be introduced to equation 9. 
Nye (1952) defined a 'shape factor' (f), analogous to a standardised 
'hydraulic radius' as used by hydrologists: 

f =a/ (ph) (10) 

a= cross section area 
p= 'glacierised perimeter' of the channel 
h= ice thickness at the centre-line. 

Equation 9 thus becomes: 

Tb =f ice gh sin a (9a). 

Equation 9 ignores the effects of longitudinal stress in the ice. This 

neglect is serious because longitudinal stress can comprise an 
important component of the stress field of glaciers and ice sheets (Nye 
1969; Paterson 1981). Formal analyses of the effects of longitudinal 

stress gradients have been summarised by Raymond (1980) and 
Paterson (1981). Incorporation of such analyses was beyond the scope 
of the present exercise, and the effects of longitudinal stress have been 

approximated using the procedure suggested by Meier et al (1974) and 
Bindschadler et a!. (1977). Bindschadler et al. found that a good fit 
between measured and theoretical glacier velocities could be obtained 
using a form of equation 9 if the slope angle (a) is spatially averaged 
over a distance one order of magnitude greater than the ice thickness. 
In the present model, surface slope was averaged over a distance 
d=10h, with the exception of the head and snout areas of the 

reconstructed glaciers, where the averaging distance was necessarily 
less. 

Normal stresses were assumed to result solely from ice overburden 
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pressure 

cr iOicegh 

hence ýn=ý1Ce gh cos a (11). 

No attempt was made to model subglacial water pressures. 

The Program 

The model was coded in BASIC and run on a BBC micro-computer. 
The program was designed to be flexible and applicable to a wide 
variety of situations. A full listing is given below, after the following 

general description. 

Lines 90-190 establish the structure of the glacier network by 

requesting data on (a) the number of 'flow segments', and (b) the 
form of the network linking the segments. A typical structure would 
be: 

The network data set for such a structure would be: 

1(0,0); 2(0,0); 3(1,2); 4(0,0); 5(3,4); 6(5,0) (lines 110-190). 

The program allows the addition of only two tributaries at each 
junction. The addition of n tributaries could be accomplished by 

modifying the array SEG(S, 2) to SEG(S, n). 
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Lines 210-240 dimension the remaining arrays used in the program: 

A: surface areas; H: mean surface altitudes; 
SX, SY: x and y co-ordinates defining valley cross sections; AR: cross 
section areas; CT: centre-line thicknesses; SF: shape factors; SGR: 

surface gradients; TAU: basal shear stresses; QT, Q: discharges; T: 

spatially averaged ice thickness; U: mean velocities; US: centre-line 
surface velocities; UDEF: velocity component due to internal shear; 
UB=US-UDEF. 

Lines 280-300 request data that subdivide each flow segment into 
'divisions', defined by reconstructed glacier surface contours. The 

area (in m2) and the mean altitude (in m) of each division is entered 
in lines 350-380, and lines 390-520 allow valley cross sections to be 
described by a series of co-ordinates (max=10). The cross sections are 
located at the down-valley end of each division, and are measured 
along the line of the reconstructed surface contours. 

I 

Lines 530-810 compute cross section areas (AR(I, J)), glacierised 
perimeters (P), centre-line thicknesses (CT(I, J)), and shape factors 

(SF(I, J)) from the co-ordinate data. 

Lines 820-950 compute the glacier, equilibrium line altitude from the 

surface area and height data, using Sissons' (1974c) method. 

Lines 960-1000 -request a value for the mass-balance gradient (MBJ) 

and compute the annual mass balance value at sea-level (D). 

Lines 1040-1310 compute the discharge (water-equivalent) through 

each glacier cross section using the surface area, altitude, cross-section 
area, and mass balance data. The core of the discharge computation is 

at lines 1250 and 1260, where discharge is derived from the mass 
balance of each division-plus the input from upstream divisions. The 
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latter component is established on two levels; (i) sequential 
summation of the mass-balance values for each division within a 
segment (lines 1190-1290), and (ii) selection of the relevant upstream 
segments using the network data (lines 1060-1150). 

Lines 1340-1420 compute the mean ice velocities (U) through each 
cross section, using the discharge and cross section area data. The 

mean velocities are converted to centre-line surface velocities (US) in 
lines 1430-1660 using the variable ratio RU (lines 1500,1620). 

Lines 1670-1730 offer a choice of method for the computation of basal 

slip velocities. Method (A) (lines 1750-1930) uses a ratio between 

surface and basal sliding velocities (RV, line 1780), and is of use when 
dealing with the marginal areas of ice masses where more rigorous 

methods - are prone to large errors. Method (B) (lines 2000-4070) 

computes the velocity component due to internal ice deformation 

(UDEF) and derives UB from US-UDEF. UDEF is calculated in line 

4030 using computed basal shear stresses (lines 2010-4025). The 

constant in line 4030 (3.342816 x 10-7) incorporates the flow law 

parameter A (5.3 x 10-15) and a scaling factor to convert the output 

velocities from m s-1 to m yr-1. 

Lines 5000-5040 allow the program to be re-run with different values 
for the mass-balance gradient (line 990) and the ratio RU (line 1500). 

Program listing 

10 Q%a=&0002020A 
15 LET Q$='N' 
20 ' PRINT 'GLACIER DISCHARGE AND VELOCITY' 
30 PRINT 'RECONSTRUCTION PROGRAM' 
40 PRINT '' 
50 PRINT 'DIVIDE THE GLACIER NETWORK' 
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60 PRINT 'INTO FLOW SEGMENTS' 

70 PRINT '' 

80 PRINT 'HOW MANY HAVE YOU DEFINED? ' 
90 INPUTS 
100 DIM SEG(S, 2), SN(S) 
110 PRINT 'TYPE IN WHICH SEGMENTS' 

120 PRINT 'COMBINE TO FORM EACH' 

130 PRINT 'LOWER SEGMENT' 

140 PRINT 'IF NONE, TYPE 0,0' 
150 PRINT 'IF ONE, TYPE -, 0' 
160 FOR 1=1 TO S 
170 PRINT I; '? ' 

180 INPUT SEG(I, 1), SEG(I, 2) 
190 NEXT I 
200 REM INPUT OF BASIN DATA 

210 DIM A(S, 30), H(S, 30), SX(S, 10,10), SY(S, 10,10) 

220 DIM AR(S, 30), CT(S, 30), SF(S, 30), SGR(S, 30) 

230 DIM TAU(S, 30), QT(S), Q(S, 30), T(S, 30) 

240 DIM U(S, 30), US(S, 30), UDEF(S, 30), UB(S, 30) 
250 FOR I=1 TO S 
260 PRINT 'AREA AND HEIGHT DATA' 

270 PRINT 'FOR SEGMENT'; I; ': ' 

280 PRINT 'TYPE IN NO. OF DIVISIONS/' 
290 PRINT 'X-SECTIONS (MAX=10)' 

300 INPUT N 
310 LET SN(I)=N 
320 PRINT 'TYPE IN SURFACE AREA' 
340 PRINT '& HEIGHT FOR EACH DIVISION' 
350 FOR J=1 TO N 
360 PRINT J; '? ' 
370 INPUT A(I, J), H(I, J) 

380 NEXT J 
390 PRINT 'VALLEY X-SECTION CO-ORDINATES' 
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400 PRINT 'FOR SEGMENT '; I; ': ' 
410 PRINT 'HOW MANY POINTS PER SECTION? ' 

420 PRINT '(MAX=1fä)' 

430 INPUT M 
440 FOR J=1 TO N 
460 PRINT 'TYPE IN CO-ORDINATE DATA' 

480 PRINT 'FOR SECTION'; ] 

490 FOR K=1 TO M 

500 INPUT SX(I, J, K), SY(I, J, K) 

510 NEXT K 

520 NEXT J 
530 REM COMPUTE X-SECTION AREAS 

540 REM PERIMETERS, SHAPE FACTORS 
550 FOR J=1 TO N 
560 LET T=0 

570 LET P=0 

580 LET YMIN=10000 

590 FOR K=1 TO M-1 

600 IF SY(I, J, K)<YMIN LET YMIN=SY(I, J, K) 

610 LET V=ABS(SX(I, J, K+1)-SX(I, J, K)) 

620 LET W=ABS(SY(I, J, K+1)-SY(I, J, K)) 
630 LET PA=SQR((V2)+(W2)) 
640 LET B=0.5 x (V x W) 
650 IF SY(I, J, K)>=SY(I, J, K+1) GOTO 690 
660 LET F=ABS(SY(I, J, K+1)-SY(I, j, l)) 
670 LET C=V xF 
680 GOTO 710 
690 LET G=ABS(SY(I, J, K)-SY(I, J, 1)) 
700 LET C=V xG 
710 LET BC=B+C 
720 LET T=T+BC 
730 LET P=P+PA 
740 NEXT K 
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750 LET AR(I, J)=T 

760 LET CT(I, J)=SY(I, J, 1)-YMIN 
770 LET SF(I, J)=T/(P x CT(I, J)) 
780 PRINT 'AREA'; J; '='; AR(I, J); 'M2' 

790 PRINT 'SHAPE FACTOR'; J; '='; SF(I, j) 

800 NEXT J 

810 NEXT I 
820 REM ELA COMPUTATION 

830 LET EA=O 
840 LET ET=O 
850 FOR I=1 TO S 
860 LET N=SN(I) 
870 FOR J=1 TO N 
880 LET EM=A(I, J) x H(I, J) 
890 LET ET=ET+EM 
900 LET EB=A(I, J) 

910 LET EA=EA+EB 

920 NEXT J 

930 NEXT I 
940 LET ELA=ET/EA 

945 PRINT '' 

950 PRINT 'GLACIER ELA ='; ELA; 'M' 
955 PRINT '' 
960 REM INPUT OF MASS BALANCE DATA 
970 PRINT 'TYPE IN VALUE OF 
980 PRINT 'MASS BALANCE GRADIENT' 
990 INPUT MBJ 
1000 LET D=-(MBJ x ELA) 
1010 PRINT 'MASS BALANCE AT SEA-LEVEL ='; D; 'M/YR' 
1020 PRINT 'PRESS ANY KEY TO CONTINUE' 
1030 INPUT E$ 

1040 REM COMPUTE DISCHARGES 
1050 LET CO=O 
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1060 FOR I=1 TO S 
1070 IF SEG(I, 1)=0 GOTO 1150 
1080 LET E=SEG(I, l) 
1090 IF SEG(I, 2)=0 GOTO 1130 

1100 LET F=SEG (I, 2) 

1110 LET QO=QT(E)+QT(F) 

1120 GOTO 1160 

1130 LET QO=QT(E) 

1140 GOTO 1160 

1150 LET QO=O 

1160 PRINT 'SEGMENT '; I; ': ' 

1170 PRINT 'DIVISION/ MASS BALANCE Q 
1180 PRINT'X-SECTION (M/YR) 
1185 LET N=SN(I) 

1190 FOR J=1 TO N 

1200 LET CO=CO+1 

1210 IF CO<12 GOTO 1250 

1220 PRINT 'PRESS ANY KEY TO CONTINUE' 

1230 INPUT C$ 

1240 LET CO=O 

1250 LET MB=(A(I, J) x (D+(MBJ x H(I, J)))) 

1260 LET Q(I, J)=MB+QO 

1270 LET QO=Q(I, J) 

1280 PRINT TAB(5); J; TAB(18); MB; TAB(30); Q(I, J) 
1290 NEXT J 
1300 LET QT(I)=QO ' 
1310 NEXT I 
1320 PRINT 'PRESS ANY KEY TO CONTINUE' 
1330 INPUT M$ 
1340 REM COMPUTE VELOCITIES 
1350 REM COMPUTE MEAN VELOCITIES 
1360 FOR I=1 TO S 
1370 LET N=SN(I) 
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1380 FOR J=1 TO N 
1390 REM INTRODUCES DENSITY CONSTANT 
1400 LET U(I, J)=1.11 x Q(I, J)/AR(I, J) 
1410 NEXT j 
1420 NEXT I 
1430 REM COMPUTE CENTRELINE SURFACE VELOCITIES 

1440 PRINT 'TYPE IN DESIRED RATIO' 
1450, PRINT 'BETWEEN CENTRE'LINE' 

1460 PRINT '& MEAN VELOCITIES' 

1470 PRINT '(TYPICAL VALUES =' 
1480 PRINT '1.2O..... FAST SLIP' 

1490 PRINT '1.6O..... NO SLIP)' 

1500 INPUT RU 

1510 LET DO=O 
1520 FOR 1=1 TO S 
1530 PRINT 'SEGMENT '; I; ': ' 

1540 PRINT 'X-SECTION MEAN U CENTRE U' 

1550 LET N=SN(I) 

1560 FOR J=1 TO N 

1570 LET DO=DO+1 

1580 IF DO<12 GOTO 1620 

1590 PRINT 'PRESS ANY KEY TO CONTINUE' 
1600 INPUT D$ 
1610 LET DO=O 
1620 LET US(I, J)=RU x U(I, J) 

1630 PRINT TAB(3); J; TAB(15); U(I, J); TAB(25); US(I, J) 

1640 NEXT J 
1660 NEXT I 
1670 PRINT 'HOW DO YOU WANT TO COMPUTE' 
1680 PRINT 'BASAL SLIP VELOCITIES? ' 
1690 PRINT 'A: FROM AN EMPIRICAL SLIDING' 

1700 PRINT 'CONSTANT - U(SLIP): U(SURFACE)' 

1710 PRINT 'B: FROM COMPUTED SHEAR STRESSES? ' 
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1720 PRINT 'TYPE IN A OR B' 
1730 INPUT B$ 
1740 IF B$='B' GOTO 2000 

1750 PRINT 'TYPE IN DESIRED RATIO' 
1760 'UB: US' 
1780 INPUT RV 

1790 LET EO=O 

1800 FOR I=1 TO S 

1810 PRINT 'SEGMENT 

1820 PRINT 'X-SECTION BASAL SLIP VELOCITY' 

1830 LET N=SN(I) 

1840 FOR J=1 TO N 

1850 LET EO=EO+1 

1860 IF EO<15 GOTO 1900 
1870 PRINT 'PRESS ANY KEY TO CONTINUE' 

1880 INPUT E$ 

1890 LET EO=O 
1900 LET UB(I, J)=RV x(US(I, J)) 
1910 PRINT TAB(5); J; TAB(20); UB(I, J) 

1920 NEXT J 

1930 NEXT I 
1940 GOTO 5000 
2000 REM COMPUTE TAU AND UB 
2005 IF Q$='Y' GOTO 3010 
2010 PRINT 'TYPE IN SURFACE GRADIENT' 
2020 PRINT 'AT EACH X-SECTION' 
2030 PRINT '(Average gradient over a' 
2040 PRINT 'Distance of lOx thickness)' 
2041 FOR I=1 TO S 
2042 PRINT 'SEGMENT '; I; ': ' 
2045 LET N=SN(I) 

2050 FOR J=1 TO N 
2060 PRINT J; '? ' 
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2070 INPUT GR 
2080 LET SGR(I, J)=SIN(GR x 3.14159/180) 
2090 NEXT J 
3000 NEXT I 

3010 LET EO=O 

3020 FOR I=1 TO S 

3030 PRINT 'SEGMENT '; I; ': ' 
3040 PRINT 'X-SECTION TAU(kPa) UB' 

3050 LET N=SN(I) 

3060 FOR J=1 TO N 

3070 LET EO=EO+1 

3080 IF EO<12 GOTO 3120 

3090 PRINT 'PRESS ANY KEY TO CONTINUE' 
3100 INPUT G$ 
3110 LET EO=O 
3120 LET TA=SF(I, J) x 900 x 9.81 x CT(I, J) x SGR(I, J) 

3125 LET TAU(I, J)=TA/1000 

3130 LET UDEF(I, J)= 

3.342816 x (10-) X (TAU(I, J)3) x CT(I, J))/4 

3140 LET UB(I, J)=US(I, J)-UDEF(I, J) 

3150 PRINT TAB(5); J; TAB(15); TAU(I, J); TAB(25); UB(I, J) 
3160 NEXT J 

3170 NEXT I 
5000 PRINT 'DO YOU WANT TO VARY THE VALUES' 
5010 PRINT 'OF MASS BALANCE GRADIENT' 
5020 PRINT 'AND VELOCITY RATIOS? (Y/N)' 
5030 INPUT Q$ 
5040 IF Q$=Y GOTO 970 
5050 PRINT 'END OF RUN' 
6000 END 
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Results 

Velocities were calculated for the Coire na Banachdich and Coire a' 
Ghreadaidh glaciers using mass-balance gradient values of 0.006, 
0.009,0.012,0.015,0.018 and 0.021. The results for mass-balance 
gradients= 0.006,0.015 and 0.021 are tabulated below. The segment 
notation in the tables is illustrated in Figure 7.34. 

Banachdich 

ru=1.4 Mass balance gradient : a=0.006 b=0.015 c=0.021 

Ub (m yrl) 
Division Area (m2) Height F Tau (kPa) ab 

11 36000 725 0.55 126 -1 9 15 

12 45000 675 0.66 121 3 18 28 

13 76000 625 0.60 120 3 21 33 

14 80000 575 0.44 75 17 47 66 

21 106000 525 0.41 63 17 44 62 

22 152000 475 0.61 94 7 26 38 

23 138000 425 0.67 82 9 29 42 

24 165000 375 0.57 65 11 29 42 

25 157000 325 0.53 69 8 24 35 

26 88000 275 0.47 80 29 14 

27 23000 225 - --- ------ - 
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Ghreadaidh 

ru=1.4 Mass balance gradient : a=0.006 b=0.015 c=0.021 

Ub (m yrl) 
Division Area (m2) Height F Tau (kPa) abc 

11 31000 775 0.55 72 12 31 45 

12 40000 725 0.55 68 26 67 94 

13 35000 675 0.58 64 31 78 110 

14 85000 625 0.62 55 36 91,128 

21 42000 725 0.50 89 5 16 23 

22 68000 675 0.57 79 12 34 48 

23 109000 625 0.64 137 -5 12 23 

31 238000 575 0.51 89 22 62 89 

32 150000 525 0.44 66 31 81 114 

33 232000 475 0.61 99 16 50 73 

41 19000 675 0.76 74 7 20 28 

42 34000 625 0.54 92 11 32 45 

43 25000 575 0.60 78 14 38 53 

44 30000 525 0.53 79 17 45 64 

45 50000 475 0.61 73 18 47 67 

51 255000 425 0.52 90 15 47 69 

52 175000 375 0.56 93 13 43 62 

53 364000 325 0.56 104 5 25 38 

54 219000 275 0.47 77 9 26 37 

55 92000 225 0.52 68 6 18 25 

56 24000 175 ---- -- -- 
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Overall, the velocity estimates for both former 'glaciers cover a similar 
range. The maximum values (66 m yr-1 for Banachdich and 128 m 
yr-1 for Ghreadaidh) are not excessive and are believed to be 

reasonable. Only two of the 90 velocity estimates are negative. 
Negative values arise when the velocity calculated from the basal 

shear stress exceeds that computed from the mass balance equations, 

an error that can result from either (a) an assumed mass-balance 
gradient that is too low; or (b) a shear stress estimate that is too high. 

In the present case, the negative velocity values occur in association 

with anomalously high shear stress estimates (126 kPa and 137 kPa), 

suggesting that the principal sources of error in the computed 

velocities are the estimates of ice thicknesses and surface slope 

gradients. Progressive adjustment of the glacier surface contours can 

eliminate anomalous shear stress values, but beyond a point there is 

a danger of circular reasoning in such an exercise. Moreover, 

experimentation showed that modification of the glacier 
reconstruction in the problematical areas had only a local effect, and 
did not significantly alter the results for other parts of the glacier. 
Consequently, complete elimination of the anomalies was not 
attempted. 
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