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ABSTRACT 

Despite more than 100 years of researcn, surprisingly 

little is known aDo ut tne precise dimensions of the last 

ice sneet in Northern Scotland, though recent work has 

suggested that it may nave been mucn less laterally 

extensive than was previously assumed. This raises tne 

possibility that some higher mountain summits in this area 

may have remained as nunataks above the level of the ice 

sneet at its ·greatest thickness. 

Detailed geomorphological mapping of a west-east 

transect across northern Ross-snire has revealed the 

existence of a periglacial trimline or 'trimzone' well 

outside and usually well above the limits of glaciers that 

developed during the Loch Lomond Stadial of ~.11-10 ka. 

B.P. This trimzone usually consists of a zone of 

mass-moved frost-weathered detritus that separates JA ~ 

mountain-top detritus and frost-weathered bedrock upslope 

from relatively unweathered ice-scoured bedrock downslope. 

Tne trimzone declines in altitude to both tne east and west 

of the present watershed and is interpreted as marking the 

apprOximate altitude of a former ice-sheet surface. The 

degree and depth of per1glacial weathering above the level 

of tne tr 1mz one strongly suggests that it relates to the 

last Scottish ice sheet at its maximum tnickness rather 

than any subsequent ice-sheet readvance, though the 

possibility that thin cold-Dased ice-caps developed locally 

on plateaux above the level of the ice sheet cannot be 

excluded. 
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Strong independent support for 

nunataks is provided by comparison 

the survival of 

of tne clay mineral 

content of soils developed above the level of the ice-sheet 

trimzone and tnose developed on ice-scoured areas or thin 

incipient mountain-top detritus below the level of this 

zone. Clay minerals thought to be 'inherited' from 

pre-Late Devensian weathering were found to be either 

significantly more abundant (kaolinite and halloysite) or 

exclusively developed (gibbsite) above the trimzone, thus 

indicating that mature ~ ~ mountain-top detritus above 

tne trimzone escaped glaciation throughout the Late 

Devensian or possibly much longer. 

Trimzone evidence and evidence for former directions 

of ice-sheet movement was used to reconstruct the tnree 

dimensional form of the last ice sheet in northern 

Ross-snire. This reconstruction indicated that tne former 

ice-sheet surface rose in altitude from ~.600m in the west 

of the area to in excess of 850m in the Beinn Dearg massif 

and Fannicn Mountains, and declined eastwards to ~.700m in 

the vicinity of Carn Chuinneag and Ben Wyvis. The former 

ice divide was located close to the present watershed. 

Finally, re-investigation of the dimensions of Loch 

Lomond Readvance glaciers in northern Ross-shire has shown 

that these former glaCiers may have been much more 

extensive than nas previously been believed. 
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Ben Wyvis (NB 460 735). 

Plate 6.5. View eastwards from the summit of Beinn Airigh 27R 
Charr (791m, NO 930 762). 
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Plate 7.1. View west from the summit of Sliool1 (980m, NB -301 
005 689). 

Plate 7.2. The ice-scoured plateau area that oocurs 320 
between the summits of Cona Mbeall (980m, NH 275 
817; to the left), Beinn Dearg (1084m, NB 259 
812; centre) aDd Meall nan Ceapraichean (977m, NH 
257 826). 



CHAPTER ~ Introduction 

1.1. Aim4 ~ objectives 

Despite more than a century of researoh, surprisingly 

little is known about the preoise lateral and vertical 

dimensions of the last ioe sheet in northern Scotland. 

Recent evidence suggests, however, that the last ice sheet 

may have been of comparatively limited lateral extent (e.g. 

Sissons, 1981; Sutherland, 1984; Bowen ~ ~., 1986). In 

particular, the western margin of the last mainland ice 

sheet seems on present evidence likely to have been located 

to the east ot the Outer Hebrides, and stratigraphic 

evidence suggests that parts of Buchan and possibly 

Caithness may have escaped glaciation when the last ice 

sheet reached its maximum extent. If the last ice sheet 

was indeed of such limited lateral extent, the possibility 

arises that mountain summits in the Northern Highlands may 

have remained as nunataks above the former ice-sheet 

surface. If so, such mountain summits would have been 

exposed to subaerial weathering, including frost-weathering 

under severe periglacial conditions, throughout the Late 

Devensian, or possibly much longer. 

In the Northern Highlands of Scotland, there occurs a 

distinct downslope limit to thick ~ ~ frost-weathered 

detritus. This limit or 'periglacial trimline' lies well 

above the mapped limit of local glaciers that developed 

during the Loch Lomond Stadial of ~.11 to 10 ka. B.P. and 

Ballantyne (1984) has suggested that it may represent the 

position of the surface of the last ice sheet at its 



maximum thickness. If correct, this proposition implies 

that detailed mapping of evidenoe for a former high-level 

'periglacial trimline' may allow the reconstruction of the 

vertical dimensions of the last ice sheet with an accuracy 

far exceeding that of methods previously employed. 

Tne main aims of the research reported in this thesis 

are fourfold: first, to establish the nature and 

distribution of apparent periglacial trimlines that occur 

on mountains in the Northern Highlands outside the mapped 

limits of Loch Lomond Readvance glaciers; second, to test 

the hypotheSiS that such tr1mlines delimit nunataks that 

remained above the former surface of the last ice sheet; 

third, to reconstruct the former vertical dimensions and 

directions of ice movement of the last ice sheet in 

northern Ross-shire on the basis of evidence provided by 

the altitudinal distribution of periglacial trimlines and 

glacial landforms and deposits indicative of former 

ice-flow directions; and, finally, to examine the evidence 

for glacial events that post-dated the last ice-sheet 

maximum in tne Northern Highlands. 

1.2. Structure ~~ thesis 

ThiS thesis is organised into two chapters (Chapters 2 

and 3) that review relevant background information and four 

chapters devoted in turn to each of the four aims outlined 

above (chapters 4 to 7). The final chapter (Chapter 8) 

evaluates the major findings of the researoh and oonsiders 

wider implications of this study. 
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Chapter 2 reviews the chronology of Late Quaternary 

environmental change in northern Scotland and outlines 

present evidence concerning the lateral limits of the last 

mainland ice sheet. Chapter 3 provides information on the 

physical cnaracteristics of northern Ross-shire, which was 

selected as the most appropriate study area in which to 

fulfill the aims of the thesis. To provide data necessary 

for placing the research in context, this ohapter 

summarises in turn the topography and geology of the area 

together with current knowledge conoerning its glaoial 

history, periglaoial landforms and mountain-top soils. In 

chapter 4 the nature and possible significanoe of 

periglaoial trimlines that ooour on mountains 

Ross-shire outside the mapped limits of 

in northern 

Loch Lomond 

Readvance glaoiers is examined in three sections. First, 

previOUS research concerning the 'nunatak hypothesis' (the 

proposition that nunataks may have existed above the 

surface of the former Laurentide and Scandinavian ioe 

sheets) is reviewed. Seoond, the definition, nature and 

distribution of trimlines or 'trimzones' on mountains in 

northern Ross-shire is discussed. Geomorphological maps of 

glacial and periglacial landforms in northern Ross-shire 

are also presented in this section. Finally, various 

hypotheses concerning the age, origin and significance of 

trimlines and trimzones on mountains in northern Ross-shire 

are considered. 

A critical test of the hYpothesis that some mountain 

summits may have remained as nunataks above the surface of 

the last ice sheet involves establishing the age of thick 

~ ~ mountain-top detritus above the level of 
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periglacial trimlines or tr1mzones. The research reported 

in chapter 5 aims to identity the distribution of soil 

characteristics that are thought to have been inherited 

from pre-Holocene or pre-Late Devensian weathering on 

mountains in the study area, and to assess the importance 

of sucn characteristics for the relative dating of 

mountain-top soils and regolith. In particular, the total 

element content and clay mineralogy of soil parent 

materials developed on (1) mountain summits that support ~ 

~ mountain-top detritus, (2) summits that support only 

incipient mountain-top detritus and (3) summits that were 

clearly affected by abrasion beneath the last ice sheet are 

compared. The results of tbis comparison provide an 

independent test of the hypothesis that mountain summits in 

tbe Northern Highlands remained as nunataks above the 

surface of the last ice sneet and hence experienced 

weathering over a mucb longer timescale than areas actively 

affected by glacial erosion. 

Chapter 6 first examines the methodology of 

reconstructing the surface of the last ice sheet using data 

derived from the altitudinal distribution of trimlines and 

'trimzones' in nortnern Ross-shire. The patterns of basal 

ice movement associated witn the last ice sheet are then 

identified from the distribution of erratics and the 

orientation of ice-directional features such as striae, 

rocbes moutonnees and ice-scoured bedrock. This 

information, together with estimates of the altitude of tbe 

former ice-sheet surface derived from trimzone evidence, 1s 

then employed to reconstruct the former surface contours of 

the last ice sheet for a broad transect across the study 
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area. Finally, the implications of this reconstruction are 

assessed. 

During the course of field investigations into the 

distribution of periglacial and glacial landforms in the 

Nortnern Highlands anomalies in previous mapping of 

readvance glaciers were identified. Chapter 7 outlines new 

evidence resulting from the geomorphological mapping, and 

assesses the significance of this evidence in terms of both 

the glacial history of northern Ross-shire and the 

implications of the dimensions of glaciers that developed 

in this area during the Loch Lomond Stadial. 

The major findings of the research reported in this 

tnesis and the implioations of these findings for future 

researoh into tne dimensions of tne last ioe sheet and 

glacial events in northern Scotland are considered in 

Chapter 8. 
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CHAPTER ~ ~ chropology ~ enyiropmental chaPie ~ ~ 

extent ~ fOrme~ilaciatiops ~ ~ Northerp Hignlapds ~ 

Scotland during ~ Deyensiap 

~ Iptroduction 

The aim of this review is to examine present evidence 

concerning the chronology and extent of Devensian 

(particularly Late Devensian) glaciation, with particular 

reference to Scotland north of the Great Glen Fault, and to 

assess the possibility that some mountain summits stood 

above the surface of the last ice sheet at its greatest 

extent. The first section considers the timing and nature 

of environmental changes that occurred in Scotland during 

the last interglacial-glacial-interglacial cycle 

(Ipswichian, Devensian and Flandrian Stages). In the 

second section the delimitation of the lateral margins of 

the last ice sheet will be examined in the light of recent 

investigations that have shown that the last ice sheet in 

northern Scotland was much smaller than was previously 

believed. In the final section the implications of these 

findings for the vertical dimensions of the last ice Sheet 

will be examined. 
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~ ~ chronolo~ical framework ~ environmental change 
. -

lA Scotland duriOi ~ ~ 0.130,000 years (Ipswichian. 

Deyensian ~ Flandrian Stages) 

2.2.1. The Ipswichian Interglacial (~.130 ka. B.P. to 

~.80 ka. B.P.). 

There is little evidenoe in Scotland for events 

pre-dating the Devensian Glaoial Stage, although in Buohan 

and in the western North Sea Basin considerable thicknesses 

of pre-Devensian sediments have been reoorded (cf. 

Sutherland. 1984). Evidence from North Atlantio deep 

ooeanio oores shows that a major period of marked warming 

took plaoe between ~.125 kat B.P. and ~.120 kat B. P. , 

and that a series of warm and oold periods ooourred up to 

~.80 kat B.P. (Sancetta ~ &l., 1973; Figure 2.1). Only 

a few sites in Scotland have been assigned to the 

Ipswichian Interglaoial (Figure 2.2). At Sel Ayre in 

Shetland a peat bed O.5m thick, overlain by a single till 

unit, contains a pollen assemblage tnat has been 

interpreted as reflecting interglacial oonditions in 

Shetland (Mykura, 1976; Birks and Peglar, 1979) • At 

Teindland, in nortb-east Scotland, lower organic horizons 

overlain by further organio horizons and inorganio 

sediments that have been interpreted as eitber till or 

solifluotion deposits have been assigned to the last 

interglacial on the basis of a pollen assemblage dominated 
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iAI'PROXIMATE OXYGEN 
STAGE SUBSTAGE ENVIRONMENT iAGE (B.P.) ISOTOPE 

STAGE 

Flandrtan InterglaCial 1 
10,000 

Loch Lmnond 
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11,000 

Late 
LategIactal 
Interstadlal 2 

Devenalan (Wtndermere 
Interatadtal) 

13,000 

Dlmltngton 
Stadlal 

26,000 

Interstadlal (?) 

30,000 
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Middle 
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Figure 2.1. Chronology of env 1ronmental cnange in 
Scotland during the last 130,000 years. The precise age 
of the IpswiohianlOevensian boundary is uncertain (Based 
on Hitchell ~ al., 1969; Shackleton and Opdyke, 1973; 
Sanoetta ~ ~., 1973; Price, 1983; Rose, 1985; Bowen ~ 
al., 1986). 



by Alnus, Graminae and Planta~o lanceolata (Fitzpatrick, 

1965; Edwards ~ Ai., 1976; Romans, 1977). The upper 

palaeosol at KirKhill, in north-east Scotland, which is 

overlain by two till units, is also thought to be of 

interglacial age (Connell ~ Al., 1982), though the site is 

still under investigation and this interpretation may be 

premature (Lowe, 1984). The Toa Galston site in north 

Lewis, whioh apparently esoaped glaoiation during the 

Devensian, is also thought to relate to the last 

interglacial (Sutherland and Walker, 1984). At Inohnadamph 

in north-west Scotland a speleothem dated to 122,000 

+/-12,000 yr. B.P., probably refleots interglaoial 

conditions Sinoe, theoretioally, speleothem 

oeases during glaoial phases (Lawson, 1981). 

deposition 

The limited 

number of sites and the unoertainties ooncerning the age 

and palaeoenvironmental implioations of each site (Lowe, 

1984) mean that " ••• there is little that can be oonfidently 

stated about the last interglaoial in Sootland" (Bowen ~ 

Al., 1986, p.322). 

2.2.2. The Early and Middle Devensian (~.80 ka. B.P. to 

~.26 ka. B.P.). 

Shotton (1969) suggested that the Devensian Stage 

Should be subdivided into three SUb-stages, the Early 

Devensian from the Ipswionian Interglaoial to ~.50 ka. 

B.P., the Middle Devensian from A.50 ka. B.P. to ~.26 ka. 
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B.P. and the Late Devensian from ~.26 kat B.P. to ~.10 

.. 
kat B.P. (Figure 2.1). The boundary separating the 

Ipswichian Interglacial from the Devensian Glacial is, 

however, uncertain and the Early Devensian could have 

commenced as early as ~.115 kat B.P. or as late as ~.80 

kat B.P. (Figure 2.1). The onset of full glacial 

conditions in Scotland probably occurred at about 75 kat 

B.P., wnen marked cooling of the North Atlantic took place 

and rapid and substantial ice build-up may have occurred 

(Ruddiman ~ ~., 1980). Sutherland (1981) has argued that 

high-level shell-bearing marine clays that have been 

reported from a number of localities in Scotland were 

formed by a major marine transgression prior to and 

consequent on the loading of the earth's crust by the 

build-up of the last Scottish ice sheet at this time. 

Price (1983) has suggested that for the period from 

~.78 kat B.P. to ~.28 kat B.P. at least three major 

glacial and/or periglacial phases occurred in Scotland 

(78-65 kat B.P.; 55-50 kat B.P.; 45-32 kat B.P.). The 

intervening warmer periods are tnought to correspond with 

interstadials recorded at sites in England, namely the 

Chelford Interstadial of ~.65-55 kat B.P. and the Upton 

Warren Interstadial Complex of ~.50-45 kat B.P. (Price, 

1983). There are, however, few sites in Scotland that 

relate to Early or Middle Devensian Interstadial periods 

(Figure 2.2). At Burn of Bennol. in north-east Scotland a 

silty peat contained within till has a grass- and sedge-
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• Abernelhy 

Burn of Benholm • 
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Figure 2.2. Location of interglacial and interstadial 
sites in Scotland referred to in the text. 



dominated pollen assemblage and an infinite radiocarbon 

date of >42,OOO···yr. B.P., and this may represent a cool 

interstadial (Donner, 1960, 1979). At Teindland, in 

addition to the supposedly Ipswichian pollen assemblage in 

tne lower organic horizons (see section 2.2.1. above), 

there is also evidence in the upper organic horizons for a 

pollen assemblage 

(Edwards £ .Al.., 

relating to a 

1976), thOugh 

Devensian interstadial 

this interpretation is 

questionable (Lowe, 1984). Faunal remains at Kilmaurs in 

the Midland Valley of Scotland have yielded infinite 

radiocarbon dates and also possibly relate to an Early or 

Middle Devensian interstadial (Sissons, 1967a; Shotton £ 

.Al.., 1970). A number of other Scottish sites have provided 

evidence of a possible late Middle Devensian interstadial. 

At Tolsta Head in eastern Lewis organio detritus in 

laminated lake Silts, overlain by sediments that may 

represent either till or solifluction deposits, has yielded 

a radiocarbon age of 27,333 +/-240 yr. B.P., and pollen 

evidence indicates a contemporaneous open vegetation cover 

(von Weymarn and Edwards, 1973; Birnie, 1983). At 

Crossbrae Farm, in north-east Scotland, a thin peat 

overlain by solifluction deposits has been dated to 26,400 

+/- 170 yr. B.P. and 22,380 +/- 250 yr. B.P. (Hall, 

1984). On St. Kilda, an organic sand overlain by 

stratified slope deposits contains a 

dominated by grasses and sedges 

radiocarbon age of 24,710 +1470/-1240 

pollen assemblage 

and has yielded a 

yr. B.P., though 
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this date must be regarded as minimal (Sutherland ~ Al. , 

1984). Bone fragments from Goelodonta antiguitatis 

recovered from sands and gravels overlain by till at 

Bishopbriggs have been dated at 27,550 +1370/-1680 yr. 

B.P. (Holfe, 1966) and bone fragments ot Hansifer tarandU8 

found in the caves at Inchnadamph, nortn-west Scotland, 

have yielded ages ot 25,360 +810/-740 yr. B.P. and 24,590 

+790/-720 yr. B.P. (Lawson, 1984). Taken together, the 

radiocarbon dates obtained trom these sites indicate 0001 

non-glacial conditions at sites tringing the Scottish 

Highlands in the period immediately pre-dating the build-up 

of the last (Late Devensian) ice sheet. However, in view 

of uncertainties concerning several of the above 

radiocarbon dates and the laok ot sites that contain 

distinct pollen assemblages, the number, age and 

environments ot Early and Middle Devensian interstadials in 

Scotland are yet to be defined (Bowen ~ Al., 1986). 

2.2.3. Late Devensian (~.26 ka. B.P. to ~.10 ka. B.P.) 

2.2.3.1. The Dimlington Stadial (~.26 ka. B.P. 

ka. B.P.) 

The conventional view is that the most widespread 

glaciation during the Devensian ocourred only in the later 

part of this stage since no tills ot demonstrably Devensian 

age have been found that pre-date the Upton Warren 
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Interstadial (Lowe and Walker, 1984), and beoause 

radiooarbon dates on organio matter buried beneath 

Devensian till indicate that the maximum expansion of 

glaciers into lowland Britain occurred sometime after ~.30 

ka. B.P. (e.g. the site at Four Ashes, near Birmingham; 

Morgan, 1973). It is also widely accepted that the last 

ioe Sheet developed some time after ~.28 ka. B.P., reached 

its maximum extent in soutnern Britain at ~.18 ka. B.P. 

and had almost completely wasted away 

(Figure 2.1). The type site for 

by ~.13 ka. B.P. 

the Late Devensian 

glaciation occurs at Dimlington in east Yorkshire, where 

Late Devensian sediments overlie till related to a 

pre-Ipswichian ~aciation (Penny ~ AL., 1969; Rose, 1985; 

Wintle and Catt, 1985; Bowen ~ AL., 1986). However, Late 

Devensian ice sheet glaciation is recorded 

stratigraphically at a limited number of sites in Scotland 

and the chronology of ice sheet expansion in northern 

Britain is unknown. Stratigraphic evidence suggests that 

ice from the South-west Highlands initially expanded to 

encroacn on the Southern Uplands, but that subsequently 

Southern Uplands ice expanded into areas once oocupied by 

Highland ice (Geikie, 1894; Sissons, 1967a), a change that 

may be related to the southward migration of a zone of 

effective precipitation across Scotland (Sutherland, 1984; 

Bowen ~ Ai., 1986). It is not known whether the maximum 

expansion of the last ice sheet was a synchronous event 

around all the margins, but the above evidence suggests 
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tnat the ice sheet in northern Scotland may have reached 

its greatest extent before (possibly long before) ~.18 ka. 

B.P. 

Initial ice retreat occurred wben the climate was 

still very cold and Arctio fauna are found in sediments 

formed during deglaciation along the east ooast (the Errol 

Beds) and in the North Sea Basin (the St. Abbs Formation 

and part of the Witch Ground Formation) (of. Sutherland, 

198~; Bowen ~ ~., 1986). Ice wedge oasts in the 

Midlothian Basin and in north-east Scotland indicate ice 

wedge formation as the ice sheet withdrew from these areas, 

implying the perSistence of continuous permafrost in the 

lee of the retreating ice (Anderson, 1940; Kirby, 1969; 

Gemmell and Ralston, 1984; Greig, 1981). Active ice 

retreat probably occurred together with jA~ stagnation 

in topographically-suitable areas (Sutherland, 1984). 

Although the concept of a 'Perth Readvance' that 

interrupted tne retreat of the ice (Simpson, 1933; Sissons 

1963, 1964) has now been rejeoted (Paterson, 1974; Sissons, 

1976) at least one major readvance of the last ioe sheet in 

northern Sootland, the Wester Ross Readvanoe, is known to 

have ooourred (Robinson and Ballantyne, 1979; Sissons and 

Dawson, 1981). One possibility is that this readvanoe 

resulted from inoreased snowfall in northern Sootland as 

tbe Oceanic Polar Front migrated northwards (Sissons, 1981; 

Ballantyne ~ &i., 1987). 

15 



2.2.3.2. The Lateglacial 

Interstadial (~.13 ka. B.P. 

Interstadial 

to ~.11 ka. 

or Windermere 

Climatic amelioration in 

before ~.13 ka. B.P. but 

B.P.). 

Scotland probably 

after ~.14 ka. B.P. 

began 

in a 

time-transgressive manner across the country, ooinciding 

with the northward recession of Polar waters from the 

coasts of Britain (Coope, 1975, 1977; Ruddiman and 

Mclntyre, 1973, 1981). Interstadial coleoptera assemblages 

in soutn-west Scotland indioate that the climate had become 

as warm as that of the present by ~.13 ka. B.P., though 

this was followed by slow olimatio deterioration between 

~.12 ka. B.P. and ~.11 ka. B.P. (Bishop and Coope, 

1977). At Windermere, in the English Lake District, the 

type site for the Lateglacial Interstadial, sediments 

containing thermophilous inseot assemblages and tree birch 

have yielded radiocarbon ages of 13,938 +/-210 yr. B.P. 

and 13,863 +/-270 yr. B.P. (Coope and Pennington, 1977). 

Radiocarbon dates on interstadial sediments from a number 

of sites in Scotland indicate that most of the last ice 

Sheet had wasted away by ~.13 ka. B.P. (Sissons, 1976; 

Price, 1983). For example, radiocarbon dates obtained on 

Lateglacial sediments of 13,151 +/-390 yr. B.P. at Loch 

Etteridge (Sissons and Walker, 1974), 12,750 +/-120 yr. 

B.P. at Tynaspirit near Callander (Love and Walker, 1977) 

and 12,710 +/-270 yr. B.P. at Abernethy (Vasari, 1977) 

indicate that the Central and Southern Highlands vere ice 

16 



free by ~.13,000 yr. B.P. (Figure 2.2). In the Northern 

Highlands, Lateglacial sediments have been dated at 12,956 

+/-240 yr. B.P. at Cam Loch (Pennington, 1975) and 12,810 

+/-155 yr. B.P. at Loch Droma (Kirk and Godwin, 1963), 

though this latter date may be up to 1000 years too old 

(Sutherland, 1987). Pollen evidence from a number of sites 

suggests that during the Lateglacial Interstadial most of 

Highland Scotland was occupied by a heath, grassland and 

dwarf shrub vegetation association (of. Gray and Lowe, 

1977; Price, 1983). It is not known whether Sootland was 

completely deglaciated during the Lateglacial Interstadial 

since mucn of the indireot evidence based on the 

environmental conditions can be argued both ways (Sissons, 

1976; Sutherland, 1987). Palaeoclimatio considerations 

suggest, however, tnat glacier ice may have survived the 

interstadial in some of the higher corries of Wester Ross 

(Ballantyne ~ al., 1987) and possibly elsewhere in the 

Scottish Highlands. 

2.2.3.3. The Loch Lomond Stadial (~.11 ka. B.P. to ~.10 

ka. B.P.). 

The Loch Lomond Stadia! is characterised by the return 

of Arctic marine conditions to the coast of Scotland 

(Peacock ~ al., 1978, Peacock, 1981), probably as a result 

of a renewed southward migration of the Oceanic Polar Front 

to the latitude of Spain (Ruddiman and HcIntyre, 1981). At 
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many Lateglaoial Interstadial sites in Sootland (e.g. Looh 

Etteridgej of. Lowe and Walker, 1977) the onset of the 

Looh Lomond Stadial is represented by lower pollen 

oonoentrations, poorer pollen and spore preservation and a 

return to ooarse minerogenio sedimentation indioative of 

open vegetation oover and slope instability. Pollen 

assemblages for tne Stadial generally oonsist of sedges and 

grasses indioative ot an open tundra environment with 

minimal soil development (Price, 1983). Coleoptera 

assemblages in south-west Scotland suggest that average 

July sea-level temperatures began to fall from 12°C at ~.11 

ka. B.P. to below 9°C at ~.10 ka. B.P. betore rising 

rapidly to about 15°0 by ~.9 ka. B.P. (Bishop and Ooope, 

1977) • 

There is widespread evidenoe of a major expansion of 

glacier ice, the Loch Lomond Readvanoe during the Stadial. 

A major ioe field up to 600m thiok developed across much of 

the Western Grampians (Thorp, 1981, 1986), ~hilst smaller 

ice caps and valley and corrie glaciers developed in most 

other Highland massifs (e.g. Gray and Brooks, 1972; 

Sissons, 1972, 1973a, 1973b, 1974, 1975, 1977a, 1977b, 

1978, 1979a, 1979b, 1979c, 1980; Sissons and Grant, 1972; 

Sissons ~ Ai., 1973; Thompson, 1972; Gray, 1975; Robinson 

1977; Ballantyne and Wain-Hobson, 1980; Lawson, 1983). 

Continuous permafrost may have developed in areas outside 

the former ioe limits, implying mean annual temperatures of 

no more than -5 ° C, but the evidence for this remains 
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debatable (Ballantyne, 1984). The mapped distribution of 

Loch Lomond Readvance ice limits and reconstructed glacier 

Equilibrium line altitudes implies that the main snow-bearing 

winds were from the west or south-west in the western 

Grampians (Sissons, 1979a; 1980). Preoipitation estimates 

reconstructed from the altitudes of Looh Lomond Readvance 

glaciers indicate values of 3000-4000 mm yr1 for the 

South-west Grampians, 500-600 mm y~1in the Cairngorms at 

altitudes over 1000m, and possibly only 200-300mm yf1in the 

Spey Valley (Sissons, 1980). Temperature estimates for the 

Stadial vary. For the South-east Grampians a mean summer 

(Hay-September) sea-level temperature of 6° C has been 

calculated (Sissons and Sutherland, 1916), 1.5°C has been 

estimated for the south-west Grampians (Sissons, 1919a) and 

8° C for the English Lake District (Sis80ns, 1980). These 

temperature estimates are in broad acoord with those 

implied by assemblages of contemporaneous coleoptera 

(Bishop and Coope, 1911). 

Direot radiooarbon-dated evidence for the culmination 

of the Readvance is limited. Radiocarbon dates obtained on 

Late~acial Interstadial age marine shells that are eitber 

over-ridden by or incorporated into readvance deposits in 

the South-west Highlands imply tbat tbe maximum extent of 

tbe Readvance occurred after ~.10,900 yr. B.P. in tbe 

Locb Lomond type area (Sutherland, 1984; Bowen ~ AL., 

1986). Sites within the limits of former Locb Lomond 

Readvance glaciers contain only Flandrian pollen 
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assemblages. Progressive glaoier retreat from the 

readvanoe ioe limits is implied by pollen stratigraphi0 

work in the South-west Hignlands and elsewhere (e.g. Lowe 

and Walker, 1981; Walker and Lowe, 1981). Though it has 

not proved possible to date this aoourately using 

radiooarbon assay (of. Sutherland, 1980), radiooarbon 

dating and pollen studies of many sites indicate that rapid 

warming and climatic amelioration ooourred after, around, 

and possibly a few oenturies before ~.10,OOO yr. B.P., at 

the start of the Flandrian Interglaoial (ot. Prioe, 1983; 

Figure 4.3.). 

2. 2 • 4 • Summary. 

Little is known about the number, timing and extent of 

the glaciations that occurred in Scotland after ~.130 ka. 

B.P. and before ~.28 ka. B.P., though ocean core evidence 

suggests that ice sheets may have developed or expanded 

during several stadial periods (cf. Sancetta ~ Al., 1973; 

Figure 2.1). Much of the evidence for pre-Late Devensian 

glaoiation has been removed by the Late Devensian ice 

sheet, which is thought to represent tne most extensive 

glaoiation of the Devensian Stage (Cf. Lowe and Walker, 

1984). Recent investigations, however, have shown that the 

whole of Scotland was not oovered by the last ioe sheet; 

the evidence for this is oonsidered in detail in the 

following seotion. 
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.a.....3..... .IWt lateral dimensions !2l.. .tJa .l&.at. ..i..C.it sheet .ill 

northern Scotland 

The precise margins of tne last ioe sheet in northern 

Sootland are, as yet, uncertain. For many years it was 

assumed that the ice sheet reaohed the edge of the 

continental shelf to the west and that Soottish ice was 

confluent with Scandinavian ice in the central North Sea. 

However, recent investigations into the glaoial history of 

the Outer Hebrides and into the offshore Quaternary 

depoSits in the Minohes, Halln Sea and North Sea suggest 

that the last ice sheet may have been much smaller than was 

previously believed. 

This review is divided into three seotions which 

consider in turn the western, eastern and northern margins 

of the last ice sheet at its maximum extent. 

2.3.1. The western margins of the last ice sheet. 

2.3.1.1. St Kilda and the outer islands. 

It is not known whether erratics found on North Rona, 

Sula Sgeir and tne Flannen Islands (Stewart, 1933; 

Cockburn, 1935; Gailey, 1959) were depoSited by the last 

ice sheet or by an earlier more extensive glaciation. On 

St. Kilda, nowever, there is evidence that subsequent to 

an extensive glaCiation that depoSited erratios on the 
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archipelago there were at least two periods of looal valley 

glaciation (Sutherland ~Al., 1982, 1984). Evidenoe from 

the relative thickness of olast weathering rinds suggests a 

minimum age of Early Devensian for the first period of 

valley glaoiation, implying a pre-Devenaian age for the 

glaciation that deposited the erratios. A minimum 

radiocarbon date of 24,710 +1470/-1240 yr. B.P. and 

pollen spectra related to a treeless local environment 

obtained fro. an organio sand deposit oVerlain by 

periglacial slope deposits indicates a olimatio 

amelioration or interstadial prior to a further period of 

local valley glaoiation and intense periglaoial aotivity 

that occurred during the Late Devensian. From suoh 

evidence it is olear that the Late Devensian ice sheet did 

not encroach on the St. Kilda archipelago. 

2.3.1.2. The Outer Hebrides. 

Early workers on the Quaternary history of the Outer 

Hebrides considered that the whole island chain had been 

overridden by the last mainland ice sheet since 'ioe-marked 

landforms' and erratics were thought to indicate ice 

movement in a predominantly westerly direction aoross the 

islands (e.g. Geikie, 1873, 1878; Jehu and Craig, 1923, 

1925, 1927, 1934; Phemister, 1960). However, recent 

re-investigations of ice-scoured landforms and erratic 

transport have provided evidence that the last ioe movement 
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along the eastern ooast of the Outer Hebrides was 

eastwards, implying the former existence of a local Outer 

Hebridean ice cap during the Late Devensian (von Weymarn, 

1914, 1979; Coward, 1977; Flinn, 1978a; Peacook and Ross, 

1918; Peaoock, 1980, 1984). For example, Von Weymarn 

(1974, 1979) recorded that in Lewis and Harris roohes 

moutonnees, striae and erratio transport indicate that most 

of the island had been glaoiated by looal ioe only during 

the Late Devensian. Coward (1977) reported erratio 

transport from west to east in Benbeoula and North and 

South Uist. 

The extent of the local independent Outer Hebrides 

glaciation remains to be establisned. Flinn ( 197 8a) 

suggested that a major oentre of ioe dispersion existed 

over the mountains of Harris and that an elongate ioe cap 

oovered the southern islands of the chain. It is not 

known, however, whether Outer Hebrides ice was confluent 

with mainland ice to the east and south-east. The precise 

nature of ice movement across the northern part of Lewis 

during the Late Devensian has been the subjeot of 

considerable interest. Von Weymarn and Edwards (1973) 

described a site at Tolsta Head in eastern Lewis that 

contained organic lake detritus and laminated silts 

overlain by up to 2.5m of material interpreted as till. A 

radiocarbon date of 27,333 +/-240 yr. B.P. was obtained 

for the organic Silts. Pollen speotra related to an open 

treeless environment apparently indioate an interstadial 
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period that occurred prior to glaciation during tbe Late 

Devensian (von Weymarn and Edwards, 1913). However, Birn1e 

(1983) has suggested that solifluction deposits ratber than 

till overlay tbe organic silts, implying that the site was 

not glaciated during the Late Devensian. The significance 

of tbis site for tbe dimensions of the Outer Hebrides ioe 

cap therefore remains uncertain. In northern Lewis, 

Sutherland and Walker (1984) have desoribed evidenoe for a 

Late Devensian moraine trending north-west to soutn-east 

for 6km across the northern tip of the island. Red 

sandstone erratics in the moraine, asoribed to Hesozoic 

sedimentary outcrops that oocur offshore to the east, led 

Sutberland and Walker (1984, p.101) to suggest that • ••• the 

last ice sheet in this area may bave been no more than 

Outer Hebridean ice re-ourving round the nortnern upland of 

Lewis on to the low ground farther north·, though the 

possibility remains that the erratios were entrained by a 

lobe of mainland ice tbat moved NNW across nortbern Lewis. 

Moraines identified on the sea-floor a short distanoe to 

the NNW of Lewis, together with mora1nes tbat may represent 

their continuation to the north-east, are thought to be of 

Late Devensian age beoause of their proximity to the ioe 

limit in northern Lewis (Ballantyne ~&l., 1981). These 

moraines ~ represent the maximum extent of mainland ioe 

to the north of Lewis, implying oonfluenoe of mainland and 

Outer Hebrides ice during the Late Devensian. In a small 

enclave in north-west Lewis, pre-Late Devensian deposits iA 
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~ have not been overridden by Late Devensian ice, 

implying that the area remained ice free at this time 

(Sutnerland and Walker, 1984; 

ice-free area, at Toa Galston, 

Figure 3.3). In this 

organic peat deposits 

overlain by gravels, clays, silts, and sands have yielded 

infinite radiooarbon dates of >47,150 yr. BP, >46,640 yr. 

B.P. and >39,100 yr. B.P. and oontain a pollen 

assemblage characterised by low percentages of arboreal 

pollen, suggesting that the site may be of interglaoial age 

(Sutherland and Walker, 1984). 

2.3.1.3. West Coast Offshore 

Quaternary sediments up to 300m thiok have been 

recorded in seismic stratigraphio investigations of the 

inner continental shelf to the west of Sootland (Binns ~ 

Al., 1974; BishOP and Jones, 1979; Evans ~ Al., 1980; 

Boul ton ..u. .aJ..., 1981; Chesher ~ Al.., 1983; Dav ies ~ .al.., 

1984). However, there is little chronologioal oontrol for 

the age of the sediments, and the extent of the Late 

Devensian ioe sheet in this area remains unknown. In the 

North Hinoh, a large arouate morainio ridge ~.6Okm long and 

up to 60m thick was initially interpreted as a medial 

moraine (Chesher .it. Al.., 1983) • However t the sei8llio 

stratigraphy of this feature, whioh oonsists of jumbled and 

hummooky refleotors passing laterally westwards into 

horizontally bedded sediments, and its arouate form 
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relative to tbe Scottisb mainland, led Sutberland (198~) to 

suggest that the feature represents an end moraine of the 

last ice sheet. If tnis were the case then the North Minoh 

would bave been occupied by a large marine embayment 

between the Outer Hebrides ioe cap and the mainland ice 

sheet. However, the exact age and significance of this 

feature is unclear since it is not known if it was formed 

during the last ice maximum (Sutherland, 198~). In the 

area between 55°30'N and 57° 30'H, Davies ~ ~ (1984) 

proposed that a major erosion surface that extends to the 

edge of the continental shelf was formed by the Late 

Devensian ice sheet and that glacio-marine sediments that 

are truncated by the erosion surface (the Stanton 

Formation) are of Early and/or Middle Devensian age. 

However, Sutherland (1984) suggested that the erosion 

surface could equally have been formed by enhanced bottom 

current activity that occurred beyond the margin of the 

last ice sheet, implying that the ice sheet was more 

restricted than was suggested by Davies ~ ~ (1984). 

Tbere is, therefore, no unequivocal evidenoe that the last 

ice sheet reached the edge of the continental shelf in this 

area. The glacio-marine sediments of the Stanton Formation 

are thought to have been derived from the calving of 

glacier ice that was located in the Inner Hebrides prior to 

the Late Devensian (Davies ~£L., 1984). 
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2.3.1.4. The Inner Hebrides 

High rock platforms, some of which have been 

glaciated, are found throughout the Inner Hebrides to the 

west of a distinct limdt. It was widely acoepted for many 

years that these platforms are either pre-glaoial or 

interglacial in age, and that they were subsequently 

glaciated. Sissons (1982a) suggested, however, that the 

rock platforms were formed or partly formed during the 

Devensian glacial by intertidal frost weathering and wave 

action beyond the stable margin of the last ice sheet. 

Sissons envisaged tnat a relatively stable calving ice 

margin lay through the Inner Hebrides throughout much of 

the Devensian, advancing into the Minches and Sea of the 

Hebrides during periods of ice sheet-maxima. The western 

margin of the ice sheet, as well as responding to regional 

climatic changes, would also have responded to rises and 

falls in world sea level through inoreased or decreased 

calving (Sutherland, 1984). Sissons' suggestion, however, 

remains only an untested hypothesis as no independent 

evidence for associated ice-marginal positions has yet been 

presented. 
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2.3.1.5. The north-west Mainland 

With the exception of the Wester Ross Moraine, which 

appears to represent a distinct readvance of the last ice 

sheet during overall ice retreat, the precise significanoe 

of former ice limits thought to represent margins of the 

last ice sheet in the Northern Highlands remains to be 

established. Detailed disoussion of ice limits in Wester 

and Easter Ross can be found in Chapter 3 (seotion 3.4.2). 

2.3.2. The eastern margins of the last ice sheet. 

2.3.2.1 The North Sea Basin. 

Recent investigations into the Quaternary stratigraphy 

of the North Sea sedimentary basins has revealed a number 

of distinct glacial, glacio-marine and marine deposits 

related to both the last Scottish and last Scandinavian ice 

sheets (e.g. Jansen, 1976; Thomson and Eden, 1977; Holmes, 

1977; Stoker and Bent, 1985). Tbomson and Eden (1977) have 

mapped an extensive moraine and channel system off the east 

coast of Scotland, tbe Wee Bankie Formation, which is 

thought to represent an end moraine marking the eastern 

limit of the Late Devensian ice sheet. Closely related to 

this moraine system is an area of oompaot, fine calcareous 

sands and silts with thin layers of gravel, oobbles and 

clay, the Harr Bank Formation, which is thought to have 
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formed in shallow water at the time when the ice margin lay 

at the Wee Bankie moraine (Thomson and Eden, 1977). The 

age of this formation is uncertain; radiocarbon dates of 

17,730 +/-480 yr. B.P., and 21,710 +/-680 yr. B.P. from 

borehole 1!Ll in the central North Sea, imply a Late 

Devensian age for the beds, but a date of 13,171 +/-~O yr. 

B.P. from stratigraphically lower in the borehole 

indicates that more dates are required before this 

formation can be dated with any certainty (Holmes, 1977). 

In the oentral North Sea, Jansen (1976) described a 

sequence of glacial and glaoio-marine aediments, termed 

collectively the - Hills Deposit-, which he believed to 

represent an end moraine and assooiated outwash deposits 

marking the limits of the last Scandinavian ioe sheet. If 

correct, this implies that the British and Soandinavian ioe 

sheets did not meet in the central North Sea during the 

Late Devensian. In the area of the oentral North Sea that 

was apparently not glaoiated by the last Scottish and 

Scandinavian ice sheets, clays, silts and silty sands with 

abundant foramiDifera, carbonaceous plant matter and 

occasional dropstones (the Witch Ground Formation) are 

thought to have accumulated in an open sea during the 

Middle and Late Devensian (Holmea, 1977; Sutberland, 198~). 

In addition, Chesher and Lswson (1983) and Chesher (198~) 

have described a sequence of muds, gravel a, sands and sandy 

clays that are thought to be of Late Davensian age in the 

Moray Firth. Tbe lateral extent of these deposits may 
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represent tne limit of the last ice sheet in this area, but 

this evidence is at present equivocal. 

2.3.2.2. North-east Scotland. 

The extent of the last ice sheet in nor tb-east 

Scotland is, as yet, uncertain. Syage (1956) argued that 

an ice-free area occurred in north-east Sootland throughout 

the last ice maximum on the basis of drift limits, the 

degree of weathering of the surface drift and tbe absence 

of morain1c features. However, Phemister (1960) and 

Clapperton and Sugden (1977) oonsidered tbat moat of 

north-east Scotland was covered by the last ice sheet. 

increased More recent investigations have provided 

stratigraphic evidence tbat muoh of Buohan was ice free 

during the Late Devenaian (cf. Hall, 1984). 

Sutherland (1984) argued that an ice-free 

For example, 

area may be 

defined by surface till units that oontain erratics 

indicative of ice movement from north-west to soutn-east 

across Buchan sinoe in lower Stathspey and in Aberdeenshire 

these tills are overlain by more recent, Late Devenaian, 

till units. At Crossbrae Farm, near Turrift a Middle/Late 

Devensian peat, overlain only by soliflucted material has 

been radiocarbon dated to 26,400 +/- 170 yr. B.P. and 

22,380 +/-250 yr. B.P. indicating that a Late Devenaian 

ice-free area occurred in its immediate neighbourhood 

(Hall, 1984i Sutberland, 1984). 



2.3.3. Tbe nortbern margins of the last ice sheet. 

2.3.3.1. Caithness. 

Despite considerable interest in tbe glaoial deposita 

of Caitbness at tbe turn of tbe oentury, there have been 

few recent investigations into the Quaternary history of 

this area. Several workers have argued tbat parts of 

Caitnness remained ice free throughout the Late Devenaian 

(Synge, 1971; Smitb, 1971; Flinn, 1918a, 1981), tbough 

there nas been no detailed evidence presented to support 

this hypothesis. The last regional ioe movement aoross 

mucb of Caithness appears to have been nortn-eastwards, 

though across the nortb-eastern tip of the area the last 

ice movement was apparently north-westwards, probably as a 

result of the presence of Soandinavian ice in tbe North Sea 

Basin (Croll, 1870j Peach and Horne, 1881; Crampton and 

Carruthers, 1914). Sinoe tbe Late Devensian Scandinavian 

ice sbeet terminated in the central North Sea (Jansen, 

1916) tbis north-westwards ice movement may pre-date the 

Late Deyenaian. Horaines and till deposits related to the 

later north-eastwards ioe advanoe in Caithness (Peach and 

Horne, 1881; Crampton and Carrutbers, 1914) seem likely to 

baye been deposited during tbe Late Deyenaian, implying 

tbat only north-west, oentral and southern parts of 

Caitbness were glaoiated at tbis time (Sutherland, 1984) 

and tbat tbe nortb-eastern tip of Caithnesa remained an 
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unglaciated enclave (Figure 3.3). 

2.3.3.2. The Orkney Islands 

Many of the characteristics of the last ice movements 

in Caithness appear to be repeated in the Orkney Islands. 

These islands contain tills rich in marine fauna and 

far-travelled erratics derived from the Dalradian 

metamorphic rocks found to the south of the Moray Firth 

(Sutherland, 1984). Indeed it has been suggested that ice 

crossing the north of the Orkney Islands originated in the 

Grampian Mountains (Sutherland, 1984, p.171). The last 

regional ice movement across the islands was by ice from 

the south-east moving in a nortn-westerly direction, 

indicating probable deflection by the Scandinavian ice 

sheet (Peaoh and Horne, 1880; Flinn, 1978b). For the 

reasons outlined in the previous section, it seems likely 

that the last ice movement was pre-Late Devens1an in age, 

and that the Orkney Islands escaped glaciation during the 

Late Devensian (Sutherland, 1984). 

2.3.3.3. The Shetland Islands. 

The timing and extent of the Late Devensian glaciation 

of tne Shetland Isles remains uncertain. Originally it was 

proposed that Scandinavian ice had crossed the Shetland 

Isles (Croll, 1870; Peach and Horne, 1879) with later 

32 

, 



glaciation by local ice (Hoppe, 1974; Flinn, 1978b, 1983). 

The presence of Scandinavian erratics implies that the 

islands have been glaciated by Scandinavian ice at some 

time. However, the strong evidenoe in favour of a vigorous 

local glaciation suggests that Soandinavian ice did not 

cross the islands during the Late Devensian (My~ura and 

Phemister, 1976). Sissons (1981) suggested that evidence 

from oceanic cores in the Norwegian Sea indicates that a 

local ice cap in the Shetland Isles initially developed in 

the Early Devensian as the Oceanio Polar Front moved south. 

Although the limits of this ice cap have not been fully 

established, it may have been confluent with Soandinavian 

ice in the east (Flinn, 1983). At two sites in Shetland, 

Fugla Ness and Sel Ayre, organic deposits thought to be of 

interglacial age are overlain by till. The organic 

depoSits at Sel Ayre have been ascribed to the last 

interglacial, implying that the overlying till was of 

Devensian age (Birks and Ransom, 1969; Myurka and 

Phemister, 1976). The peat deposit at Fugla Ness has been 

ascribed to the 'last but one' interglacial and is overlain 

by two till units (Birks and Peglar, 1969). However, the 

relationship of the overlying tills at both these sites to 

glacial events that occurred elsewhere in Sootland remains 

to be established. 
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2.3.4. Summary 

Despite more than one hundred years of researoh it is 

surprising how little is known about the dimensions of the 

last ice sheet in northern Sootland. Recent ev idenoe, 

particularly from offshore sediments, has shown that the 

last ioe sheet was mu oh smaller than has previously been 

believed. In the west, the last ioe sheet probably 

terminated to the east of the Outer Hebrides, whilst in the 

east the margin of the last ice sheet is probably defined 

by the Wee Bankie Moraine. The Soandinavian and Scottish 

ioe sheets were probably not confluent in the central North 

Sea. This implies that many mountain summits in the 

Northern Highlands may have remained as nunataks above the 

surface of the last ice sheet and oonsequently were exposed 

to severe periglacial weathering throughout muoh of the 

Late Devensian • 

.2.JL.. l.hI. vertical dimensions ~ .tbJt an. .1..QA. sheet 1.11 

northern Sgotland 

There have been two approaches to estimating the 

former vertical dimensions of the last ice sheet; a model 

based approach involving theoretioal reconstruotions of the 

former ice surface (Boulton ~ Al., 1977, 1985; Gordon, 

1979; Andersen, 1981) and an empirical approaoh based on 

the distribution of periglacial features on mountain 
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summits in northern Scotland (Godard, 1965) • Most 

theoretical models have been based on the assumptions that 

the last ice sheet terminated well to the west of the Outer 

Hebrides and tnat the Scottish and Scandinavian ioe sheets 

were confluent in the central North Sea. Boul ton Jlt&. .&l.. 

(1977) caloulated theoretioal ice-sheet profiles for 

flowlines reconstructed from the transport of erratics, and 

estimated that the the last ice sheet was up to 1800m thiok 

in northern Scotland. However, recent evidenoe that the 

last ice sheet in northern Scotland was much smaller than 

has previously been believed 

tnese reconstruotions are 

(see above) suggests that 

of limited validity. An 

exception is a reoent 'alternative' reoonstruotion by 

Boulton .n. .al.. (1985), which is based on an ioe limit in 

northern Lewis and involves significantly increased basal 

sliding in areas of deformable sediment, and which 

predicted that the last ice sheet may have been no more 

than 1000m thick in the Northern Highlands. Few workers 

have, however, considered the possibility that mountain 

summits formed nunataks above the last ice-sheet surface, 

though Gunn (in Peach ~ .al., 1913a) suggested that the 

absence of erratics from the highest parts of An Teallach 

implies that parts of the mountain may never have been 

covered by ice. Godard (1965) proposed that the 

distribution of certain periglaoial features on mountains 

in the Northern Highlands indicated that the mountains 

formed nunataks, a possibility that is revived by reoent 
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evidence that the last ice sheet was much smaller than has 

previously been believed. In addition, a distinct 

downslope limit to reliot mountain-top detritus recorded on 

several mountains in the Northern Highlands may relate to 

the former surface of the last ice sheet (Ballantyne, 1984; 

see below). 
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CHAPTER ~ ~ Study ~ 

~ Introduction 

The aims of the projeot as outlined in chapter 

required a field area whioh would allow the vertioal 

dimensions of the last Soottish ice sheet to be determined 

to both the west and east of the former north-south ice 

divide. A transeot across Wester and Easter Ross was 

therefore seleoted for this purpose, as this area offers a 

region of sufficiently high and varied relief over a 

relatively short west-east distance. In this area several 

mountains attain altitudes in excess of 900m, although the 

Dirrie Hore, a glacial breach connecting Wester and Easter 

Ross, rises to only 279m at tne north-south watershed. 

This chapter outlines briefly the relevant topographio and 

geological cnaracteristics of the study area and reviews 

previous researoh into the glaoial and periglaoial 

geomorphology and Quaternary history of the area. 

~ Location ~ tQPOirapoy 

The study area oonsists of a broad transect across the 

Nortoern Highlands from Ullapool and Pool ewe on the west 

coast to Bonar Bridge and Dingwall on the east coast 

(Fi~ure 3.1). The northern boundary of the area is marked 

by a line from Looh BrOom to Strath Carron and the southern 

boundary follows Looh Haree and Strath Bran to Garve and 

Dingwall. Almost all of the study area oonsists of 

glaoially disseoted upland plateaux, wnicD culminate in 

several mountain massifs that attain altitudes in excess of 
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1000m above sea level and include the summits of Sgurr Mbr 

(1110m), Beinn Dearg (1084m), An Teallach (1062m) and Ben 

Wyvis (1046m). Numerous glacially entrenched troughs which 

are structurally aligned trend NW-SE across the study area. 

Two of these valleys, the Dirrie More and Strath Bran, 

breach the present north-south watershed and form major 

through routes from Easter Ross to Wester Ross (Linton, 

1949; Dury, 1953; Kirk ~ Al., 1966). Overdeepening by 

glacial ice has led to the formation of many rock basins 

which are now occupied by freshwater lochs (e.g. Loch 

Haree and Loch Fannich) or by fiords (e.g. Loch Broom and 

Little Loch Broom). 

In the western part of the study area numerous 

mountains rise up above a broad undulating coastal lowland, 

consisting of ice-scoured rock outcrops separated by many 

small lochs and lochans, that nowhere exceeds 300m in 

altitude. The principal peaks in this area include An 

Teallach (1062m), Slioch (980m), Sgurr ~n (989m), and 

Beinn Llir (860m). The central part of the field area is 

characterised by two major mountain ranges that straddle 

the north-south watershed. These are the Beinn Dearg 

Massif and the Fannich Mountains. The Beinn Dearg Massif 

contains several summits which attain altitudes in excess 

of 900m including Beinn Dearg itself (1084m) and Seana 

Bhraigh (927m). The Fannich Mountains form a west-east 

trending ridge, most of which is above 800m. The two 

westernmost mountains of the range, A'Chailleach (999m) and 

Sgurr Breac (1000m) are separated from the remainder of the 

ridge by a col at 600m. The Fannich range rises up to an 

altitude of 1110m at the summit of Sgurr M6r, wnich forms 
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the highest peak in the study area. To the south of the 

Fannich group of mountains is the isolated summit of Fionn 

Bheinn (933m), which overlooks Strath Bran. Much of the 

north-eastern part of the study area lies above 400m and 

forms an extensive peat covered plateau. The principal 

mountain summits in this area attain altitudes of ~.650 to 

~.800m and include Meal 1 a'Ghrianan (772m), Meal 1 M6r 

(748m) and Beinn Tharsuinn (692m). In the south-east of 

the study area is the Ben Wyvis massif, which forms a 

conspicuous NE-SW trending ridge reaching an altitude of 

1046m. 

~ Geology 

The geology of tne study area is divided into two 

distinct regions by the Maine Thrust zone, which separates 

ancient metamorphosed basement rock partly overlain by 

Precambrian and Cambrian sediments from regionally 

metamorphosed sediments displaced westwards by at least 

15km and possibly as much as 120km during the Caledonian 

Orogeny (Johnson, 1983). In the area to the west of the 

thrust, the Hebridean Craton consists of Archean to Middle 

Proterozoic rocks, collectively known as the Lewisian 

GneiSS, uncontormably overlain by Precambrian Torridonian 

Sandstones and Cambrian and Lower Ordovician sedimentary 

rocks. To the east of the thrust the orthotectonic zone of 

the Caledonides comprises Moinian metasediments, inliers of 

Lewisian rocks and granitic plutons, as well as Devonian 

sandstones and cOnglomerates that uncontormably overlie the 

Moinian rocks (Figure 3.2). 
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The Lewisian.Gneiss consists of highly deformed and 

metamorphosed rocks that form a stable crystalline 

basement. To the west of the Moine Thrust zone, rocks of 

two differing ages have been recognised (Watson, 1983). 

These are the Scourian complex (~.2900-2300 Ha.), which 

inoludes some of the oldest rocks so far known in Western 

Europe, and the Laxfordian complex, which comprises 

Scourian and younger rocks transformed during the 

Laxfordian period (A.2300-1700 Ha.). Scourian and 

Laxfordian rocks modified by Caledonian deformation and 

metamorphism (A. 1000-400 Ha.) are also found to the east of 

the Maine Thrust where they form inliers in the basement of 

the Caledonian orogenic belt. Both the Scourian and 

Laxfordian rocks are mostly banded gneisses that have been 

metamorphosed and migmatized at high temperatures and 

pressures. Metasediments such as mica-scnists, marbles and 

calcsilicate rocks are found together with mafiC, possibly 

metavolcanic gneisses that form narrow belts alternating 

with felsic gneisses. Intrusive igneous rocks inoluding 

basiC dykes and sills as well as intermediate to granitic 

rocks with associated pegmatites also ocour extensively. 

Considerable denudation of the post-Laxfordian land surface 

is indicated by the conspicuous fossil hills and valleys 

preserved beneath the overlying Torridonian Sandstones 

(Godard, 1965; Stewart, 1972). 

The unaltered Precambrian sedimentary rooks of the 

Torridonian system that unconformably overlie the Lewisian 

GneiSS form many of the spectaoular mountains in the west 

of ~he study area, inoluding An Teallaoh (1062m), Sgurr aln 

(989m) and SlioCD (980). Initial burial of the Lewisian 
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Gneiss was by deposits of tne Stoer Group, which consist of 

fanglomerates overlain by red sandstones and mUdstones. 

The Stoer Group was tilted ~. 300 to the NW before the 

deposition of the Torridon Group some 200 Ha later. The 

oldest Torridon Group sediments, the Diabeg Formation, 

oonsist of red breooias and sandstones representing 

fanglomerates, which partly buried 

Overlying the Diabeg Formation and 

the anoient valleys. 

muoh of the fossil 

Lewisian land surfaoe are the Applecross and Aultbea 

Formations, whioh are composed prinoipally of gently-tilted 

unaltered felspathio red sandstones with oocasional 

conglomeratic layers. The Applecross Formation is thought 

to nave formed by fluvial deposition from two vast alluvial 

fans wnich drained a mountainous landmass to the 

nortn-west, somewhere in the vioinity of the Outer Hebrides 

(Williams, 1969). 

Cambrian and Lower Ordovician sedimentary rocks 

unconformably overlie rooks of Torridonian and Lewisian age 

along a narrow band to the west of tne Moine Thrust zone. 

The suocession consists of a lower arenaoeous and 

argillaceous sequenoe and an upper carbonate suite (Walton, 

1983). The lowest member of the Cambrian sequenoe is a 

false-bedded basal quartzite up to 60m thick, so oalled 

oecause of the sets of cross laminae found within it. The 

overlying Pipe Rook is a well-bedded fine- or 

medium-grained quartzite up to 90m thick through whioh run 

cylindrical worm casts up to 1m in length. The lowermost 

two members of the Cambrian sequenoe, the basal quartzite 

and toe Pipe Rook, form the most widespread outcrop of 

Cambrian rooks and are often referred to colleotively as 
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the Cambrian Quart~ite. Much of the quartzite outcrops as 

a distinct ice-scoured escarpment that dips eastwards below 

the Moine Thrust plane, although conspicuous outliers of 

Cambrian Quartzite also occur on several mountains 

including the eastern spurs of An Teallach (1062m), and the 

sWlUllits of Sgurr san (989m) and Hullach Coire Mhio 

Fhearchair (1019m). The remainder of the Cambrian and 

Lower Ordovician sequence has a 

beneath the Maine thrust plane. It 

very limited outorop 

comprises the Fucoid 

Beds which consist predominantly of dolomitic siltstones, 

the Salterella Grit which consists of sandstones and thin 

shales and the Durness group of carbonitic sedimentary 

rocks. 

The tectonic stability of the Hebridean craton 

contrasts with the highly deformed and metamorphosed 

sediments found in the orthotectonic zone of the 

Caledonides to the east of the Maine Thrust zone. Most of 

the rocks belong to the Maine series although inliers of 

altered Lewisian rocks are also found to the east of the 

thrust (see above). In addition, the Maine Thrust zone is 

in places interrupted by slices of partly-altered Lewisian, 

Torridonian and Cambrian rocks that were displaced during 

thrusting. The Maine Series oan be chronologically divided 

into two groups; the 'old Moines' which may have been 

deposited 1300-1200 Ha and the 'young Moines' whicb may be 

roughly equivalent in age to the Torridon Group. Rocks of 

tbe Moine Series are collectively known as tbe Maine 

ScDists and comprise alternating bands of psamm1tio 

quartz-feldspar granulites and pelitic muscovite-biotite 

gneisses and mica-sChists. 
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Intruded into tne rocks of the Moine Group are two 

major granitic plu~on8 associated witb tbe Caledonian 

Orogeny, the Carn Chuinneag Complex and the Fearn Granite. 

The Carn Chuinneag Granite Complex was formed early during 

the Caledonian Orogeny at ~.550 Ma. and consists generally 

of a coarse crystalline gneissose rock which contains 

ellip~ical augen of pink feldspar together with smaller 

porphyritic crystals of quartz. The adjacent rocks have 

been altered by contact metamorphism into hornfelses. A 

coarse biotite granite or granite gneiss with many large 

feldspar phenocrysts is particularly well developed around 

Inchbae Lodge (Peach ~ ~., 1912; Brown, 1983) and is 

referred to as the Inchbae Augen Gneiss. The Fearn Granite 

consists of a fine-or medium-grained reddish biotite 

granite with ortnoclase, plagioclase and microcline 

feldspars, clear quartz and brown mica (Peach ~ Al. , 

1912). It was intruded into the rocks of the Hoine Group 

sometime during tbe Later Caledonian period at A.435-390 

Ma. (Brown, 1983). 

Non-marine Devonian sedimentary rocks rest with marked 

unconformity on Moinian metasediments. During the period 

A.500-~10 Ha, some 25-30 km of material was removed from 

the metamorphic Caledonides as a result of massive uplift 

and erosion. Pre-Devonian valleys are being re-exhumed by 

present day erosion (Watson, 1985). Lower Devonian 

outliers in Strath Rannoch and around Meall a'Gbrianan 

consist 

oo~aining 

depoSited 

of fine-grained sands tones and conglomerates 

rounded blocks of augen gneiss that were 

in a pre-Devonian depression (Peach ~ Ai., 

1913a). The Middle Old Red Sandstone found to the east of 
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a line from th~ Dornoch Firth to Contin consist of 

sediments derived from the erosion of the Hoinian rocks to 

the west. They comprise fluvial sandstones with thick 

conglomerates and subordinate fish-bearing shales (Mykura, 

1983). 

Much of the stud1 area i8 covered b1 glaoial and 

periglacial sediments deposited during the last and 

previous glacial phases. Research into the origin of these 

deposits is examined in the following section. 

~ Glacial History 

In toe latter half of the nineteenth century and early 

part of this century various Officers of the Geological 

Survey recorded glacial features such as striations, 

'boulder clay' or till, transport of erratic boulders and 

fluvioglacial deposits assooiated with the great 'mer de 

glace' which was thought to have covered the whole of 

northern Scotland. Detailed investigations b1 B.N. Peach 

and his co-workers in Wester and Easter Ross led to the 

suggestion that three distinct phases of glaciation could 

be recognised in this area (Peach ~ ~., 1912, 1913a, 

1913b; Phemister, 1960) as follows; 

1. A period of maximum glaciation when the whole region 

was covered by an ice sheet that had its ice shed at some 

time at least 10ka to the east of the present north-south 

watershed at Loch Drama. 

2. A phase of oonfluent valle1 glaciation with centres of 

ice dispersion in the Beinn Dearg Massif and the Fannich 
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Mountains and wit~ mountains of the west and east forming 

nunataks above the ice field. 

3. A stage of local glaciation during which each mass of 

higb ground nourished independent valley and oorrie 

glaoiers. 

This threefold division is a oonvenient framework for 

discussing the glaoial history of the study area sinoe the 

period of maximum glaoiation is broadly equivalent to the 

maximal extent of the last ioe sheet, the stage of 

oonfluent glaoiation is related to looal re-advanoes and 

stillstands that interrupted the downwastage of the last 

ice sneet and the period of independent glaoiation is 

essentially equivalent to the Looh Lomond Readvanoe, widely 

recognised as having occurred during the Loch Lomond 

Stadial ~.11,OOO-10,OOO yr. B.P. 

3.4.1. The Last Ioe Sheet. 

3.4.1.1. Directions of ioe movement. 

The evidence provided by striae indicates that the 

divide of toe last ice sheet lay in tne vicinity of the 

present watershed and that the Fannich Mountains and Beinn 

Dearg Massif formed major centres of ice dispersion (Figure 

3.1). Ioe flowed to the WNW over muoh of the area to tne 

west of the Hoine Thrust, although signifioant looalised 

defleotion oocurred around the major western mountain 

massifs. For example, to the east of An Teallach ice flow 

was to the north, whilst along Gleann Bianasdail, to the 

east of Sliooh, ioe moved in a south-westerly direotion 
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(Peach ~ ~., 1913a). To the east of the Fannich 

Mountains and Beinn Dearg Massif, striae and ice-moulded 

landforms indicate that the last ice movement was easterly 

or south-easterly. High-level striae above an altitude of 

~.500m are rare, though Peach ~ Al (1913a) recorded one 

striation pointing in a north-westerly direction near the 

923m summit of Sgurr nan Each in the Fannich Mountains and 

striae have been found up to an altitude of 550m on the 
, 

south-western slopes of Beinn Lair. 

In areas to the west ot the Moine Thrust, erratios of 

Moine Schist, Lewisian GneiSS, Torridon Sandstone and 

Cambrian Quartzite provide consistent evidenoe of a WNW 

direotion of ice movement (Peach ~Al., 1913a). Abundant 

erratics of Torridon Sandstone and Cambrian Quartzite have 

been found aoross the area of ice-sooured Lewisian Gneiss 

in the north-west of the study area. Peaoh ~ ~ (1913a) 

also identified peridotite erratios up to 7km north-west of 

the souroe outorop along the northern shores of Fionn Looh 

(NG 945 804). Remarkable upward transport of erratics over 

short distances have also been reoorded. For example 

boulders of 'thrust' Torridon Sandstone are found 

inoorporated in a Cambrian Quartzite blook deposit above 

900m on sail Liath, An Teallaoh, implying upward movement 

of ~.450m over a distanoe of possibly less than 3km and 

certainly no more than 6km. Boulders of 'thrust' Lewisian 

GneiSS found near the summit of Sliooh have been 

transported at least 300m upwards over a distanoe of no 

more than 4km (Peaoh ~ Al., 1913a; Ballantyne ~ Al., 

1987). However, it has not been demonstrated that suoh 

high level erratios were emplaced by the last ice sheet, 
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and not by an earlier, thicker ice mass. 

Distinctive erratics of Incobae augen gneiss and 

Strath Rannoch Devonian conglomerate and sandstone provide 

intriguing evidence of former directions of ice movement 

away from the source outcrop ~.10km to toe east of the 

present watershed (Figure 3.1). Large numbers of augen 

gneiss erratics have been recorded up to an altitude of 

700m on the slopes of Ben Wyvis, across the Black Isle and 

around Buckie, some 100km east of the outcrop. However, 

they have also been recorded to the north-west of the 

source outcrop, indicating ice movement through the Dirrie 

More and across the present north-south watershed. 

Numerous augen gneiss erratics have been found to the north 

of Loch Droma and around Inverlael at the head of Loch 

Broom, and isolated examples occur along the shores of Loch 

Broom up to 32 km north-west of the source outcrop (Peach 

and Horne, 1892; Peach ~ ~., 1912). Erratics of Strath 

Rannoch Devonian conglomerate and sandstone provide further 

evidence of former ice movement westwards through the 

Dirrie More. Sandstone and conglomerate erratics have been 

found around the summit of Meall Coire nan Laogh (660m), on 

the northern slopes above Loch Glascarnoch and as far west 

as Inverlael. Large numbers of conglomerate and sandstone 

erratics nave also been transported eastwards and have been 

traced up to an altitude of 700m on the slopes of Ben 

Wyvis, along the northern shores of Loch Glass some 11km 

ESE of the outcrop and on the flat hilltop to the south of 

Loch Magharaidh (NH 465 765), 5.5km ENE of the outorop 

(Peach ~ ~., 1912). The distribution of augen gneiSS, 

conglomerate and sandstone erratics appears to imply that 

49 



at some time i~ the past the former ice shed lay to the 

east of or direotly over the augen gneiss outorop, whioh 

lies some 10km east of the present watershed at Looh Droma. 

This interpretation, however, conflicts with the evidence 

from striae and ioe moulding wnich indicates that the last 

ice movement aoross the augen gneiss outorop and 

surrounding low ground was eastwards. Peach ~ Ai (1912) 

suggested tnat tne westward oarry of erratics may have 

originally ooourred during the period of maximum glaciation 

and tnat subsequent westward migration of the former ioe 

sned may have led to the redistribution and eastward oarry 

of erratios. Ballantyne ~&l (1987), however, noted that 

the last ioe sheet probably developed to the ~ of the 

present watershed and that the north-westerly oarry of 

augen gneiss boulders indicates both eastwards migration of 

the former ioe shed of at least 10km during ice sheet 

build-up and subsequent westwards migration of similar 

magnitude during ioe sheet deoay. Peach ~ Ai (1912) also 

proposed that the western erratics may have been derived 

from a westerly outlier of Devonian oonglomerate that has 

been oompletely removed by glacial erOSion, though evidence 

for this is laoking. It is also possible tnat the 

anomalous westward oarry of augen gneiss relates to a 

glacial maximum that pre-dates the build-up of the last ioe 

sheet. 

Despite the widespread ooourrence of augen gneiss and 

Strath Rannoch Devonian sandstone and oonglomerate boulders 

to the east of the outorop, these erratios are absent from 

the upper slopes of Ben Wyvis (1046m). However, augen 

gneiss erratics have been reoorded aoross the summit of 
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Carn Gorm (749m) ._to the north-west of Ben Wyvis and across 

the summit of Little Wyvis (746m) to the south. The 

overall distribution of these erratics indicates that 

erratic-bearing ice did not overtop the summit of Ben Wyvis 

but converged on the lower ground to the east of the 

massif. Peach ~~ (1912) suggested that the absence of 

erratics from the mountain summit may be explained by the 

hypothesis that initially the ice shed lay near the 

mountain which later formed a centre of ice dispersion. 

Alternatively, it may simply reflect the movement of 

erratic-bearing ice to certain altitudes, whilst 

erratic-free ice from the west of the souroe outorops 

overtopped the higher parts of the massif. A third 

possibility is that the summit of Ben Wyvis remained as a 

nunatak above the former ice-sheet surface when erratics 

were transported eastwards from the source outorops 6-9km 

to the west. 

In oontrast to the anomalous distribution of augen 

gneiss and Devonian erratics the distribution of erratics 

of Carn Chuinneag granite provides consistent evidenoe for 

eastward or south-eastward movement of ice across the area 

nortn-east of the augen gneiss outcrop, some 10km east of 

the present watershed. Granite erratics occur on the 692m 

summit of Beinn Tarsuinn, 7.5km east of the outcrop and 

across the 738m summit of Meall M6r, 8km south-east of the 

outcrop. Some very large boulders have been recorded 

including a 9m x 5.5m x 4.5m boulder 1km east of Loch 

Magbaraidh (NR 465 772) some 1.5km east of the outorop, and 

another 6.5m x 4.5m x 4.5m near Braentra in Strath Rusdale 

(NR 567 780), 5.5km ENE of the outcrop (Peach ~ ~., 
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1912}. 

3.4.1.2. Lateral dimensions of the last ice sheet in 

northern Scotland. 

Despite more than 100 years of researoh the exaot 

margins of the last ioe sheet in northern Sootland are yet 

to be adequately defined. For the western margins of the 

ice sneet there appear to be five possibiliies, as follows 

(Figure 3.3): 

1. The last ice sheet extended to the edge of the 

continental shelf to the west of the Outer Hebrides. 

For many years it was believed that the last ioe sheet 

at its maximum extent moved westwards from the mainland to 

terminate to the west of the Outer Hebrides (e.g. Geikie, 

1873; 1878; Phemister, 1960; see also Seotion 2.3.1). More 

reoent evidenoe, however, has shown that the last ioe 

movement over muoh of the eastern ooast of the Outer 

Hebrides was eastwards, implying the existenoe of a major 

independent ice oap on these islands (Von Weymarn, 1974; 

Coward, 1977; Peaoook and Ross, 1978; Flinn 1978a). This 

evidenoe apparently precludes the possibility that the l&At 

ioe sbeet traversed the Outer Hebrides, thOugh there is 

evidenoe that at least one earlier and more extensive ioe 

sheet may have done so (Sutherland, ~ Ai., 1984). 

However, Sissons (1980) postulated that mainland ioe may 

have crossed the islands during initial ioe-sheet build-up 

and that during ioe deoay rapid oalving of ioebergs in the 

deep water of the Hinohes resulted in the separation of 

mainland ice from Outer Hebrides ice. He suggested that 
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Figure 3.3. The dimensions of the last ioe sheet in 
northern Scotland (based on Sutherland, 1984; Thomson 
and Eden, 1977; Sutherland and Walker, 1984; Robinson 
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once the eastern margin of the Outer Hebrides ice became 

land based and rapid retreat by calving had ceased, the 

independent Hebridean ice mass began to flow eastwards from 

an ice divide that was asymmetrically plaoed in relation to 

the present land area (cf. Flinn, 1978a). This variation 

of hypothesis remains, as yet, unsubstantiated, and 

conflicts with recent evidence presented by Sutherland 

(1984; and in Ballantyne ~Al., 1987) which suggests that 

at its maximal extent, the last ice sheet did not over-run 

the Outer Hebrides. On present evidence, therefore, it 

seems very unlikely that the last ice sheet ever extended 

to the west of the Outer Hebrides. 

2. The mainland ice sheet at its maximal extent converged 

with an independent Outer Hebrides ice cap in the Hinches 

and Sea of tne Hebrides. 

Evidenoe for convergence of mainland and Outer 

Hebrides ice is related to the interpretation of the 

seismic stratigraphy of the Quaternary sediments found off 

the western coast of Scotland (Binns ~ Al., 1974; Boulton 

~ al., 1981; Chesher ~ al., 1983; Davies ~ Al., 1984; 

see section 2.3.1.3). Davies ~al (1984) argued, from 

studies of the shelf deposits between 5S030'H and 57° 30 t H, 

that an extensive erosion surface that truncates 

glacio-marine sediments (the Stanton Formation) was formed 

by fast moving, thin, temperate ice during the Late 

Devensian. This ice was deflected south-westwards by the 

Outer Hebrides ice cap down the South Hinoh and Sea of the 

Hebrides, forming an extensive erosion trough in older 

Quaternary sediments. They argued that the sediments of 

the Stanton Formation below the erosion surface were 
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produced by cal~1ng ice from grounded glaoiers located in 

the Inner Hebrides and that the stratigraphic position of 

suoh sediments indicates an Early and/or Middle Devensian 

age. If interpreted correotly, this implies that for long 

periods during the Early and Middle Devensian a stable 

land-based ioe sheet was located over the Inner Hebrides 

and mainland and that during the Late Devensian a thin ice 

sheet confluent with the Outer Hebrides ice cap reached the 

edge of the continental shelf to the south of the Outer 

Hebrides. However, Sutherland (1984) suggested that the 

erosion surface of presumed Late Devensian age may equally 

nave been formed by enhanced bottom current activity and 

associated seabed erosion beyond the margin of the last ioe 

sheet. 

Sutherland (in Ballantyne ~ Al., 1987) has described 

moraines on the sea-floor to the NNW of the Isle of Lewis 

together with moraines that may represent their 

continuation to the north-east. He suggested that these 

moraines are probably of Late Devensian age because of 

their proximity to a moraine of this age identified in 

northern Lewis by Sutherland and Walker (1984). If 

interpreted correctly this implies tnat during the Late 

Devensian glaoial maximum a lobe of mainland ice was 

confluent with Outer Hebrides ice in the Hinches. 

Sutherland's proposal also implies that an extensive 

moraine system off the north-west mainland (the North MinoD 

Moraine) was formed by a readvanoe or stillstand after the 

Late Devensian ioe maximum. However, a Late Devensian age 

for the moraines offshore from Lewis remains to be 

demonstrated, and on present evidence remains hypothetioal. 
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3. The Outer Hebrides ice cap and mainland ice sheet were 

not confluent. 

Sutherland (1984) described a large offshore moraine 

in the the North Hinch and argued that its size and arcuate 

form relative to the mainland indicate that it represents 

an end moraine of the last mainland ice sheet. If this 

moraine represents the maximum limit of the last ice sheet, 

it implies that mainland and Outer Hebrides ice were ~ 

confluent in the Minches when the last ice sheet was at its 

most extensive (Figure 3.3). However, reoent disooveries 

of moraines of apparent Late Devensian age in Lewis 

(Sutherland and Walker, 1984) and possible offshore 

oorrelations (see above) suggest convergenoe of mainland 

ice and Outer Hebrides ice in the Minohes which in turn 

requires that the North Hinoh Moraine may have to be 

reinterpreted as the produot of an ioe readvanoe following 

retreat of ice from its maximal extent, as noted above. 

However, Sutherland and Walker (1984, p.701) suggested that 

ice forming the Late Devensian moraine in northern Lewis 

may have been formed by local Outer Hebrides ioe 

" ••• reourving round the upland of nortnern Lewis on to the 

low ground farther north." It may be premature, therefore, 

to assume that the offshore moraines in the North Minches 

are the limits of mainland ice in this area. It also 

remains plausible that the North Minoh Moraine represents 

the terminus of the last ioe sheet and that a large marine 

embayment oooupied the area between the mainland ioe sheet 

and the Outer Hebrides ice cap. 
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4. The margin of._the mainland ice sneet lay through the 

Inner Hebrides. 

Sissons (1983) argued that the stable land-based 

margin of the last ice sheet 'normally' lay through the 

Inner Hebrides and that this 'normal' margin of the ice 

sheet is defined by the eastern limit of high rock 

platforms that were formed by frost riving and wave action 

beyond the ice margin (Figure 3.3). He suggested that 

periodic climatic deterioration may have resulted in 

advances into the Minches and Sea of the Hebrides where the 

last ice sheet terminated as an unstable calving ice 

margin. Recent evidence that extensive glacio-marine 

sediments, probably originating from calving of grounded 

glaciers located over the mainland and Inner Hebrides, 

occur across tne Malin Sea and Sea of the Hebrides area 

(the Stanton Formation) supports this theory (Davies ~ 

~., 1984). If the presumed Late Devensian erosion surface 

in toe Malin Sea and Sea of the Hebrides area does not 

represent the final advance of the last ice sheet 

(Sutherland, 1984; see above), then the glacio-marine 

sediments of the Staoton Formation may have been deposited 

along the unstaole margin of the last ice sheet. This 

hypothesis is not incompatible with hypotheSis 3 (see 

above) or indeed hypotheSis 5 (see below). 

5. The last ice sheet terminated at the Wester Ross 

Moraine. 

A prominent series of moraines that have been traced 

across much of the low ground in Wester Ross could 

represent the margin of the last ice sheet at its maximal 
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extent. However,_ the absence of a pronounced drop in the 

marine limit at the moraine (Sissons and Dawson, 1981), and 

the lack of any strong evidence of periglacial activity in 

areas beyond the moraine similar to that found in other 

areas known to have escaped glaciation during the Late 

Devensian (cf. Sutherland and Walker, 1984; Sutherland ~ 

Al., 1984), suggests that the Wester Ross Moraine does ~ 

represent ice at its maximal Late Devensian extent. 

However, the possibility remains that if an oscillating 

margin of the last ice sheet normally lay through the Inner 

Hebrides, then the Wester Ross Moraine may represent the 

final readvance of the ice sheet (Sissons, 1981; see 

above). 

Several conclusions can be reached about the former 

western margin of the last ice sheet. It appears unlikely 

that the last ice sheet over-ran the Outer Hebrides (ot. 

Hypothesis 1) sinoe recent evidence suggests that the Outer 

Hebrides maintained an independent ioe cap throughout the 

last ice maximum. This implies that the last ioe sheet was 

much less extensive than has previously been believed. 

However, the preoise western margins of toe last ice sheet 

remain to be defined. It is still not clear whether the 

last ioe sheet extended to nortn Lewis and hence was 

confluent with Outer Hebrides ioe (ot. Hypothesis 2), or 

whether the mainland ioe sheet failed to cross the Hinohes 

at its maximal extent and either terminated at the North 

Minch Moraine 

Hebrides (cf. 

(of. Hypothesis 3) and/or in the Inner 

Hypothesis 4). The Wester Ross Moraine does 

not appear to be the end moraine of the last ice sheet when 

it was at its maximal extent (cf. Hypothesis 5). 
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It has long been assumed that the last Scottish ice 

sheet and last Scandinavian ice sheet were confluent in the 

North Sea (e.g. Phemister, 1960). Recent detailed seismio 

investigations into the Quaternary stratigraphy of the 

North Sea has revealed that the Scottish and Scandinavian 

ice sheets were muoh less extensive than has previously 

been believed (Sejrup ~£l., 1987; Figure 3.3; see seotion 

2.3.2). The evidence so far established is as follows. 

1. The last 

30-70km off 

Soottish ice sheet apparently terminated 

the east ooast of Sootland between Stonehaven 

and Dunbar, forming a continuous moraine system (the Wee 

Bankie Formation) and extensive outwasb deposits (the Harr 

bank Formation) (Thomson and Eden, 1977; Holmes, 1977; 

Stoker and Bent, 1985). 

2. The last Soandinavian ice sheet apparently terminated 

in the central North Sea to the east of Orkney, where a 

series of glaoial deposits (the Hills Morainio Deposit) and 

horizontally bedded outwash deposits (tbe 'proglacial' 

Hills Deposit) have been identified (Jansen, 1976; 1979; 

Sutherland, 1984; Hangerud ~Al., 1987). 

3. Clays, silts and silty sands with dropstones (the Witoh 

Ground Formation) aocumulated in the central North Sea in 

an unglaciated area during the Middle and Late Devensian 

(Holmes, 1977; Sutherland, 1984). 

The precise margin of the last ice sheet in Buohan, 

the Moray Firth area and Caithness remains to be 

established. There are again several possibilities (Figure 

3.3). 
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1. Several authors have argued that an ice-free area 

existed in north-east Scotland during the last ice maximum 

although their delimitations of the exaot margins of the 

ice free areas have differed (e.g. Charlesworth, 1955; 

Synge, 1956). Sutherland 

provenance of partioular 

(1984) suggested that the 

till units indicated that an 

extensive ice-free area existed in Buohan throughout the 

last ice maximum (Figure 3.3). However, the status and 

dimensions of the ice-free area remain the subjeot of 

debate (e.g. Peacock, 1985). 

2. Chesher and Lawson (1983) identified tills of Late 

Devensian age in the Moray Firth, which suggest tbat tbe 

last ice sheet extended at least 70km offshore. However, 

no terminal moraines of the last ioe sheet have yet been 

identified in this area. 

3. Although the Late Devensian ice margin is yet to be 

defined in Caitbness, Sutherland (1984) has tentatively 

suggested that the margin of the last ioe sheet may be 

located at the western margin of the shelly till, 

apparently dredged from the Moray Firth by north-westwards 

movement of a pre-Late Devens1an ice mass that was 

deflected in this direotion by Soandinavian ioe. 

3.4.1.3. The vertical dimensions of the last ice sheet in 

northern Sootland. 

Evidence from high-level erratics led Peach ~ AL 

(1913a) to propose that most or all mountain summits in 

northern Scotland were oovered by ice during tbe maximum 

glaCiation, although Qunn (in Peach ~ Ai., 1913a) 
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suggested that the absence of erratics from the hi~est 

parts of An Teallach implies that the mountain may never 

have been completely ice covered. The presence of erratics 

near the summit of Slioch indicates a local ice thickness 

in excess of 1070m in the vicinity of Loch Haree. However, 

as Ballantyne ~ Al (1987) have pointed out, the erratic 

evidence is by no means oonolusive proof that the ~ ioe 

sheet overtopped the mountains, since erratios may have 

been emplaced by an earlier and more extensive ice sheet. 

Theoretioal estimates of the former thickness of the 

last ice sheet have been based upon reoonstruoted profiles 

calculated by assuming that the last ice sheet was similar 

in vertical profile to present-day ice sheets, that the 

margin of the ice sheet lay to the west of the Outer 

Hebrides and that the Scottish and Scandinavian ice sheets 

were confluent in tne North Sea (Boulton ~ Al., 1977, 

1985; Gordon, 1979; Andersen, 1981). Host of these 

reconstructions indicate that the whole of the Northern 

Highlands were oovered by an ice sheet which was probably 

up to 1800m thick (Boulton ~ Al., 1977). However, reoent 

evidence that tne Outer Hebrides maintained an independent 

ice cap tnroughout the last ioe maximum and that the last 

Scottish and Scandinavian ioe sbeets were not confluent in 

the central North sea (see above), suggests that these 

reoonstructions are of limited validity. An exception is 

an 'alternative' reconstruotion by Boulton ~ Al (1985), 

which is based on a limit of mainland ice in northern Lewis 

and involves significantly inoreased basal sliding across 

areas of deformable sediment. This prediots that the last 

ice sheet did not exoeed 1000m in altitude in the Northern 
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Highlands and, if.yalid, implies that some mountain summits 

probably stood above the surface of the last ice sheet when 

it was at its maximal extent. 

Although the precise lateral dimensions of the last 

ice sheet in northern Sootland are yet to be defined, tbe 

last ice sbeet was probably much smaller than bas 

previously been believed (see above). This implies that 

many mountains in Sootland probably remained above the 

surface of the ice sbeet as nunataks and bence were subject 

to severe periglacial conditions throughout muoh of the 

Devensian. Many of the pronounced features produoed by 

periglacial frost aotion SUOD as extensive ~ ~ 

blookfields may, therefore, have developed above tbe 

surface of the last ice sheet. Suoh a possibility was 

first oonsidered by A. Godard (1965) who reconstructed the 

supposed surface of the last ice sheet based upon the 

distribution of certain periglacial features (Figure 3.4). 

This reconstruction shows the former ice surface deolining 

in altitude to the nortb and west of the Northern Highlands 

from an altitude of ~.950m on An Teallacb to ~.500m in the 

Outer Hebrides and ~.400m in Orkney. However, this 

reconstruction is of dubious validity since substantial 

areas of ~ ~ frost-sbattered detritus oocur at 

altitudes much lower tban 950m on An Teallacb (Ballantyne, 

1984) and also because the reconstruction is based on a 

limited number ot widely-spaced sampling points. An abrupt 

downslope limit to periglacial detritus oan, nevertheless, 

be detined on many mountains in the Nortbern Highlands, 

where, over a relatively small altitudinal range, ~ ~ 

trost-shattered bedrook and a thick mantle of 
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rrost-shattered mountain top detritus is replaoed downslope 

by ioe-sooured bedrock (Ballantyne, 1984). The ract that 

the transition from frost-shattered to ioe-sooured bedrock 

is not gradual, as would be expected if olimate were the 

only control, but occurs abruptly on many lithologies, 

suggests that the boundary may represent the upper limit of 

a former ioe sheet. The possibility remains, therefore, 

that the distribution of certain periglacial features of 

Late Devensian age may be used to reconstruot the former 

surface of the last ioe sheet (Ballantyne ~Al., 1987; see 

Section 3.5 and Chapter 4). 

3.4.2. Readvances associated with the last ice sheet. 

The 'stage of confluent glaoiation' identified by the 

Offioers of the Geological Survey was considered to have 

oocurred during ioe-sheet decay rather than as a distinct 

readvance or series of readvances (Peach ~ Al., 1912, 

1913a, 1913bj Phemister 1960). The stage was recognised 

primarily on the evidence of low-level striae, whioh 

indicate that ice radiated outward from centres of ice 

dispersion in the Fannich Mountains and Beinn Dearg Massif 

(cf. Figure 3.1). It was envisaged that during this phase 

the major western mountains (e.g. An Teallach, Slioch, 

Sgurr B~n) and the Ben Wyvis Massif deflected ice around 

them, forming nunataks above the surface of the ice field. 

An ice stream moving eastwards from the Fannich Mountains 

and Strathcarron was thought to have formed terminal 

moraines • ••• at the mouth of Strathconon, on the Black Isle 

and along the shores of the Cromarty Firth· (Peach ~Al., 

1913b, p92). Peach ~ Al (1913b) suggested that, as the 
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ice sheet continue~ to retreat, other masses of high ground 

formed centres of ice dispersion until a series of glaciers 

originating from different snowfields converged on the 

lower ground. 

In a study of the deglaciation of Wester and Easter 

Ross, Kirk ~Al (1966) identified several ice limits that 

they ascribed to stillstands that interrupted the retreat 

of the last ice sheet (Figure 3.5). Lateral and terminal 

moraines were recorded in Strath Broom (the 'Glackour 

Moraine'), along Looh Broom and in the vioinity of 

Ullapool. In the Moray Firth area and around Garve, 

'morainic accumulations' and glacial outwash sediments were 

thought to represent successive witndrawl stages of the 

last ice sheet (Kirk ~ Al., 1966). However, muoh of the 

evidence presented by Kirk ~ Al appears of dubious 

validity, and, with the possible exception of moraines in 

Strath Vaich and Strath Rannooh (see section 3.4.2.3), most 

of the definite former ice limits that they identified 

relate to glaciation during the Loch Lomond Readvance 

(Ballantyne ~ Al., 1987; see section 3.4.3). Recent 

evidence nevertheless suggests that the retreat of the last 

ice sheet was interrupted by at least one major readvance, 

the Wester Ross Readvance. 

3.4.2.1. The Wester Ross Readvance. 

Robinson and Ballantyne (1979) traced a series of 

lateral moraines and other ice marginal landforms for a 

distance of over 30km in Wester Ross, and interpreted these 

features as marking the limit of a readvanoe that 
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interrupted the retreat of the last ice sheet (Figure 3.5). 

The moraines around Aultbea, Gairloch and Redpoint indicate 

the former existence of a lobe of ice almost 25km in width 

across Lochs Gairloch and Ewe and the surrounding low 

ground. Subsequent mapping suggests that this lobe 

extended across the mouth of the Little Gruinard River to 

the north (Sissons and Dawson, 1981) and along the northern 

flanks of Baosbheinn to the south (Ballantyne 1986a). A 

lateral moraine and former ice limit also occur in 

Applecross (Robinson and Ballantyne, 1979). A drift ridge 

and three ice marginal limits identified in a valley to the 

north-west of An Teallach were correlated with the Wester 

Ross Re advance and were thought to represent minor 

fluctuations in the position of the former ice margin 

(Robinson and Ballantyne, 1979). A pronounced lateral 

moraine that rises south-eastwards along the slopes of Ben 

M6r Coigach from the village of Achiltibuie has also been 

correlated witn the Wester Ross Readvance, implying that 

Loch Broom was occupied by ice during the readvance 

(Sissons, in Sutherland, 1984). Outside the limits of the 

readvance, Sissons and Dawson (1981) identified an 

approximately synchronous shoreline (the 'Hain Wester Ross 

Shoreline'), which was interpreted as corresponding to the 

culmination of the readvance. However, this shoreline is 

absent from Little Loch Broom, implying glacial occupance 

of this area during the readvance. It, therefore, seems 

probable that a large lobe of ice occupied all of Loch 

Broom and Little Loch Broom as well as a considerable area 

offshore during the culmination of the Wester Ross 

Beadvance. Hora1nes of supposed Wester Ross age have also 

been identified in the Outer Hebrides; these indicate a 
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local valley glaciation at this time (Peacock, 1984). 

The readvance status of the moraines in Wester Ross 

rests entirely on morphological evidence, in particular the 

marked changes in the direction of striae that occur inside 

and outside the ice limit and the truncation of north-west 

aligned till ridges in Applecross (Robinson, 1977; Robinson 

and Ballantyne, 1979). However, the absence of a 

pronounced break in the marine limit at the ice margin 

(Sissons and Dawson, 1981) suggests that the event was of 

limited duration. The timing of the readvance is, as yet, 

uncertain, although Sissons (1981) suggested that it may 

have resulted from increased snowfall associated with the 

northward migration of the Polar Front across Scotland that 

occurred between ~.13,500 yr. B.P. and ~.13,OOO yr. B.P. 

(cf. Ruddiman and Mclntyre, 1973; Peacock, 1984; 

Ballantyne ~ al., 1987). 

3.4.2.2. The Achnasheen Readvance. 

Koraines and former lake deltas that are found around 

the village of Achnasheen in Wester Ross were initially 

described in detail by Peach ~ Al (1913b; Figure 3.5). 

The former lake was impounded to the east of Achnasbeen by 

a lobe of ice, up to 7km in length, that flowed southwards 

from the area of Loch Fannich across Strath Bran. To the 

south and west of Achnasheen, Loch Gowan and Loch a'Chroisg 

were occupied by ice streams that formed conspicuous 

outwash deltas in the former lake. Acoording to Sissons 

(1982b) a fourth glacier terminated to the north of 

Achnasheen, occupying a shallow south-facing corrie on 
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Fionn Bheinn. Sissons argued that since lacustrine 

sediments are found beneath glacial deposits of the Strath 

Bran lobe, the glacial features of this area were formed by 

an ice readvance. The distribution of lake sediments 

around Achnasheen implies 

prior to the readvance. 

that the 

The age 

valley was ice free 

of the readvance 

represented by the moraines around Achnasheen remains to be 

established. Sissons (1982b) argued that the dimensions of 

the former glaciation implied by the ice limits at 

Achnasheen are inconsistent with those of the Loch Lomond 

Beadvance glaciers he had previously mapped in this area 

(Sissons, 1977aj Figure 3.5), and presumably represent a 

readvance of the last ice sheet. He suggested that this 

'Achnasheen Beadvance' may correspond to the Wester Ross 

Readvance, but this interpretation would place the 

contemporaneous ice-shed well to the west of the present 

watershed (Figure 3.5), a configuration that confliots with 

the pattern of striae recorded by the Geological Survey. 

Alternatively, if the ice-shed remained in the vicinity of 

the Fannich Mountains as is implied by the evidence of 

striae this would involve a highly asymmetric ice mass that 

terminated a few kilometres from the ice shed in the east 

but up to 40km distant in the west and north-west 

(Ballantyne ~Al., 1987). It seems likely, therefore, 

that the Achnasheen Readvance post-dated the Wester Ross 

Readvance. Moreover, the argument that the dimensions of 

the Achnasheen Readvance glaciers are inconsistent with 

those of Loch Lomond Readvance glaoiers in this area is 

essentially oircular, and there is at present no 

stratigraphic or morphological evidence to rule out a Loch 

Lomond Readvance age for the ice limits around Aohnasheen 
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(Ballantyne ~ al .. ~ 1987, p.26). It is significant in this 

regard that S1s80ns (1982b) reported that he failed to 

identify a Lateglacial sequence of minerogenic - organio 

minerogenic sediments in over 60 bores taken from within 

the limits of the Aohnasheen Readvanoe, and that 

Lateglacial organic sediments were not found in cores 

reoovered from Looh a'Chroisg, whioh also lies within the 

limits of the readvance (Pennington ~ ~., 1972; 

PenDington, 1977). 

3.4.2.3. Strath Vaich and Strath Rannoch Moraines. 

An extensive series of lateral aoraines and drift 

limits with associated outwash terraces outside the former 

1ce limit and eskers within this limit have been desoribed 

in Strath Vaioh and Strath Rannooh (Peach ~Al., 1912; 

Kirk ~~., 1966; Sutherland, 1984; Figure 3.5). Kirk ~ 

Al (1966) suggested that the moraines were formed during 

the Gharbhrain Stage (i.e. Loch Lomond Readvanoe) but 

Sissons (in Sutherland, 1984) considered that this was 

unlikely because the dimensions of the ice masses implied 

by these ice limits appear inconsistent with the mapped 

limits of other Loch Lomond Readvance glaoiers in central 

Ross-shire. One possibility is that the Strath Vaich and 

Strath Rannoch limits may be correlated with the Achnasheen 

Readvance (see above), but a Loch Lomond Readvanoe age for 

these moraines cannot be ruled out. Tbe northern limit of 

the ice mass that terminated at the Strath Vaich and Strath 

Rannoch moraines may be represented by a olear drift limit 

that descends to the valley floor in Glen H6r (NO 416 873; 

Sutherland, 1984; Ballantyne ~ al., 1987; Figure 3.5). 
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3.4.2.4. Ice limii~ in tbe Fannicb Mountains. 

Sissons (1977a) initially interpreted a series of end 

and lateral moraines in tbe eastern Fannich Mountains as 

having been formed during tbe Locb Lomond Readvance (Figure 

3.5). However, be subsequently suggested tbat, because the 

equilibrium line altitudes of the reconstructed glaciers 

appeared anomalously low, these ice limits together with a 

possible ice limit to the south of Loch Glascarnoch could 

represent an ioe-sbeet readvance limit (of. Sutherland, 

1984; Ballantyne ~Al., 1987; Figure 3.5). There is, 

bowever, no field evidence to preolude a Locb Lomond 

Readvanoe age for tbe moraines in tbe Fannioh Mountains. 

3.4.2.5. Gleann Heiniob Moraine. 

A lateral moraine and double end moraine in Gleann 

Meinicb (NH 250 538) apparently marks tne limit of a lobe 

of ice moving ESE out of Strath Bran (Peaoh ~Al., 1913b; 

Sissons, 1982; Figure 3.5). Tbis limit lies well beyond 

tbe limit of the Achnasbeen Readvanoe and must represent an 

earlier, possibly looal, readvance or stillstand during 

overall ioe retreat. 

3.4.2.6. Looh Aohall Moraine. 

An end moraine and distinot drift limit mark tbe 

extent of a glaoier tbat ocoupied Loch Aohall and 

terminated ~.3km north-west of Ullapool (Kirk ~Al'J 1966; 

Ballantyne ~Al'J 1987; Figure 3.5). This ioe limit lies 

17km to the west of the mapped .argins of Looh Lomond 
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Readvance glacie~~. in tnis area and is 20km inside the 

proposed Wester Ross Readvance limit on Ben H6r Coigach. 

Its precise 

established. 

significance, therefore, remains to be 

3.4.2.7. Discussion. 

With the exception of the Wester Ross Readvance there 

are no ice limits in northern Ross-shire that unequivocally 

indicate a significant rosiooal readvance of the last ice 

sheet before the Lateglacia! Interstadia!. A Loch Lomond 

Readvance age cannot, on present evidence, be ruled out for 

the ice limits around Achnasheen, in Strath Vaich and 

Strath Rannoch and in the Fannich Mountains. If some or 

all of these limits are of Loch Lomond Readvance age, then 

glacier ice may have been much more extensive in Ross-shire 

during the Loch Lomond Stadia! than has previously been 

believed (cf. Ballantyne ~ ~., 1987). Toe moraines in 

Gleann Meinich and around Loch Achall most probably 

represent temporary local readvances that occurred during 

ovarall ice retreat. 

3.4.3. The Loch Lomond Readvance. 

There is widespread evidence for corrie and valley 

glaciation in Wester and Easter Ross following the retreat 

of the last ice sheet (Peach ~ ~., 1912; 1913a; 1913b; 

Kirk ~ ~., 1966; Sissons, 1977a). This glaciation has 

been attributed to a renewed ice advance during the Loch 

Lomond Stadia! ~.11,OOO-10,OOO yr. B.P. following 

complete deglaoiation during the intervening Lateglacial 
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Interstadial ~.13.000-11,000 yr. 

of 12,610 +/- 155 yr. S.P. 

S.P. 

for 

A radiocarbon date 

organic sediments 

underlying laminated silts at Loch Droma in the Dirrie More 

(NH 253 753; Kirk and Godwin, 1963) implies that much of 

the area was ice free during the Lateglaoial Interstadial. 

However, palaeoclimatic considerations suggest that ice may 

have survived the Interstadial in some of the higher 

corries in Wester Ross; if so the glaciation should be 

termed the Loch Lomond Readvance (Sallantyne ~~., 1987) 

rather than Loch Lomond Advance as advooated by Sissons 

(1977a). 

Sissons (1977a) mapped the extent of the LoCh Lomond 

Readvance in Wester and Easter Ross (Figure 3.5), although 

subsequent investigations by Sallantyne (1981, 1986a) have 

led to revision of Sissons' mapping on An Teallaoh and in 

the area south-west of Loch Maree. The evidence used to 

reconstruct the former extent of the readvance glaoiers 

inolude end and lateral moraines, hummocky and fluted 

moraines, boulder limits, drift limits and the lower limits 

of certain relict periglaoial features. End moraines mark 

the terminus of many Loch Lomond Readvance glaciers. Some 

of these are very large, for example, the Gharbhrain 

Moraine at the western end of Loch Glascarnoch is 20-25m 

high, 200m broad and 800m long, and the glacier originating 

from a corrie on the northern side of of Beinn Dearg M6r 

(NO 046 805) deposited a moraine that has a distal slope up 

to 40m high at an angle of 30-35°(Sis80ns, 1977a). In 

other cases the end moraines are less distinct, some 

consisting of low ridges and others marked by spreads of 

boulders. Multiple end moraine ridges, such as were 
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deposited by the tormer glacier to the east of Beinn Dearg 

Bheag (NO 035 820), imply that some glaciers experienced a 

period of oscillatory ice retreat before general ice decay 

and stagnation. This interpretation may also account for 

the formation of massive end moraines, suob as the 

Gharbhrain moraine, which may reflect continued debris 

supply to a slowly receding but active glacier margin over 

a considerable period (Ballantyne ~ Al., 1987). A 

possible fossil ice-wedge cast reported in an exposure just 

within the limit of the Gleann na Huice glacier (NH 071 

803; Sissons, 1977a) suggests that following retreat of ice 

from its maximal extent the climate remained sufficiently 

cold for the development of continuous permafrost at ~.100m 

O.D. 

In places where end moraines are absent, the former 

margins of Loch Lomond Readvance glaCiers are sometimes 

marked by the limits of glacially-transported boulders or 

by the extent of thick, often hummocky, drift. For 

example, Sissons (1977a) recorded the limit of a former 

glacier in a valley to the north-west of Bodach M6r (NG 350 

895) as represented by the down-valley termination of 

hummocky moraines. However, the extent of hummocky drift 

cannot be used as a definitive criterion for defining the 

former extent of Loch Lomond Readvance glaCiers Since, in 

some areas, hummocky moraines occur well beyond the mapped 

limits of these glaciers, for example on the south side of 

Loch Glascarnoch and near the eastern end of Loch 

a'Bhroain. 
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On higher gro~nd the upper limits of Loch Lomond 

Readvance glaciers can, in some places, be established by 

the altitude of 'trimlines' that represent the boundary 

between ice-scoured bedrock on the lower ground and 

frost-weathered bedrock and widespread relict periglacial 

features, such as boulder lobes, farther upslope (Sissons, 

1977a; Thorp, 1981, 1986; Ballantyne, 1984). On rock types 

such as Torridon Sandstone that have proved relatively 

resistant to large-scale frost shattering 

(macrogelivation), only slight frost modification of 

ice-scoured bedrock has apparently occurred immediately 

outside the limits of Loch Lomond Readvanoe glaoiers 

(Ballantyne, 1982, 1984). On well-jOinted lithologies such 

as Cambrian Quartzite, however, blockfields are found down 

to the former limits of Locn Lomond Readvance glaciers but 

do not occur within them. 

The limited stratigraphic evidence from Lateglacial 

sites in the study area suggests that the readvance of 

glacier ice described above occurred during the Loch Lomond 

Stadial. Coarsening upwards in the lithostratigraphic 

sequence above organic silts of Lateglacial Interstadial 

age at the Loch Droma Lateglacial site appears consistent 

with the approach of a Loch Lomond Readvance glaCier from 

the Fannich Mountains (Ballantyne ~ ~., 1987). Moreover, 

Robinson (1977) recorded a Lateglacial pollen sequence for 

a kettle hole immediately outside a readvance limit at 

Glassnock (NB 866 461) but only a Flandrian sequence at a 

nearby site just within the ice limit, which is again 

consistent with the readvance being of Loch Lomond Stadial 

age. However, there are no valid radiocarbon dates for the 
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onset, culmination or termination of the Loch Lomond 

Readvance in the study area. Radiocarbon dates obtained 

from from shells over-ridden or transported by glacier ice 

and from basal organic deposits within the Readvance limits 

elsewhere in Scotland suggest that the ice reached its 

greatest extent in the southern and south-western Highlands 

during the first half of the Loch Lomond Stadial, 

,g,.11,OOO-10,500 yr. B.P. (cf. Sutherland, 1984). 

However, it is not known whether the maximum extent of Loch 

Lomond readvance glaciers in northern Scotland was 

synchronous with that recorded for Re advanoe glaoiers 

farther south. 

~ Periglacial landforms 

The Officers of the Geological Survey reoognised the 

existence of rock shattered by frost action on ma~ 

mountains in Wester and Easter Ross (e.g. Peaoh ~ ~., 

1912, 1913a, 1913b). This 'plateau frost debris' or 

'mountain-top detritus' was considered to be either JA~ 

or to have moved only short distances downslope, forming 

'parallel lines' or terraces of material. Peach ~ &l 

(1912, p.160) recorded that on Carn B~n, Heallan Blo, and 

Beinn a'Chaisteil • ••• we can walk two miles in a nearly 

straight line without seeing near our course any rook save 

the porous disintegrated material.- Recent investigations 

into the charaoteristics of periglaoial landforms on 

mountains in the Northern Highlands has revealed that, 

whilst some periglaoial features are aotive, others are 

relict features that formed under conditions of severe cold 

during the Devensian (Ballantyne, 1981, 1984). 
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3.5.1. The age of periglacial landforms. 

On the basis of research carried out mainly on 

mountains in the study area (principally An Teallach, the 

Fannich Mountains and Ben Wyvis), Ballantyne (1984) 

suggested that four criteria can be used to differentiate 

relict periglacial landforms of Devensian age from active 

Holocene features. The first involves examination of the 

distribution of per1glacial landforms in 

limits of Loch Lomond Readvance 

relation to the 

glaciers. Various 

periglacial features, including small solifluct1on lobes, 

turf-banked terraces and Diveo-aeolian sand deposits, occur 

inside the limits of the glaciers that formed during the 

Loch Lomond Stadial and must have developed atter the 

glaciers disappeared, under the milder conditions of the 

Holocene. Other landforms, including severely 

frost-shattered bedrock, blockr1elds, blockslopes, and 

other forms of frost-weathered regolith, together with 

boulder sheets and lobes and certain large solifluction 

features developed on such regolith extend to the Loch 

Lomond Readvance limits but are not found within them, 

implying that such features have not formed since the end 

of the Loch Lomond Stadial (Ballantyne, 1984, P.312). 

Radiocarbon dating and pollen analysis of organic 

material buried beneath per1glac1al deposits have also been 

used to differentiate relict Devensian per1glacial 

phenomena from Holocene forms. 

successful in indicating that 

This method has been 

small-scale solifluction 

lobes have been moving downslope during the Holocene in the 

Cairngorms, in Sutherland and in the Fannicb Mountains 
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(Sugden, 1971; MQttershead, 1978; Ballantyne, 1986b) and 

that niveo-aeolian sand deposits have been accumulating 

during much of the Holooene on the Torridon Sandstone 

mountains of Wester Ross (Ballantyne and Whittington, 

1987). However, no organio deposits of Deyenai an age have 

yet been recovered from under upland periglaoial deposits. 

The third method that has been employed to distinguish 

active from relict periglacial forms involves measurements 

of present-day aotivity ot periglaoial landforms. 

Downslope movement has been recorded for small solifluotion 

lobes, turf-banked terraces, debris-mantled slopes, 

ploughing boulders and small-scale sorted stripes 

(Ballantyne, 1981, 1987). Blockslopes, large-soale sorted 

patterned ground features, coarse boulder lobes and large 

solifluction lobes are, however, apparently inactive under 

present-day conditions (Ballantyne 1981, 1984). Finally, 

the appearance of many upland periglacial features provides 

a useful guide to their age and activity. Many relict 

features are oovered by peat, mature soils and/or 

vegetation, implying long-term stability (cf. Sissons, 

1976; Shaw, 1971; Godard, 1965; Ryder and McCann, 1911). 

In addition, if exposed olast surfaces have been 

well-rounded by granular disintegration Whilst near-surface 

clasts are sbarply angular, it JI~ be inferred that a 

deposit has been unaffected by oryoturbation for a very 

long time indeed (Ballantyne, 1984). 

Using the above criteria, Ballantyne (1984) 

distinguished periglacial landforms of Devensian age from 

those which are of Holocene age and active at present, 

though a few features of Devensian age are intermittently 
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active under present-day conditions (e.g. debris-mantled 

slopes and sorted solifluction lobes; Table 3.1). However, 

with the exception of protalus ramparts and rock glaciers, 

which are demonstrably of Loch Lomond Stadial age 

(Ballantyne, 1984; Ballantyne and Kirkbride, 1986) the 

precise age ot most pre-Holoceoe periglacial features on 

Scottish mountains is unknown. Sugden (1971) has suggested 

that in the Cairngorm Mountains features such as tors and 

some large bOulders in blockfields in! tially developed 

under ccnditions of deep chemical weathering during former 

sub-tropical conditions in pre-glacial times. However, 

Ballantyne (1984) has argued that it is unlikely that such 

'corestones' could have survived several glaciations ~ 

~. Nevertheless, the presence of thick deposits (up to 

20m) of decomposed bedrock found in the eastern Grampian 

Highlands indicates that material produced by deep chemical 

weathering may have escaped complete erosion by at least 

the last ice sheet (Barrow ~ Al., 1913; Sutherland, 1984). 

It is also possible that some periglacial landforms on high 

plateaux may have survived the last ice sheet beneath 

cold-based ice that was frozen to its bed (cf. Sugden and 

Watts, 1977; Whalley .n. Al., 1981). 

3.5.2. Devensian periglacial landforms. 

~~ frost weathered mountain-top detritus covers 

most mountain summits in the study area above an altitude 

of ~.800m, althOugh on some well-jointed rock types it is 

also found at altitudes as low as ~.600m. (Ballantyne, 

1981; 1984). Comparison of the degree of frost-shattering 

and frost-wedging of rock inside and outside Loch Lomond 
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Category Features of Late l)eyenslan age Features oC HoIocene age 

Frost-weathered 1. Mountain-top detrttus (Blockftelds. 
regoUth. stone pavementa and debrta surfacesr 

2. BlocksIopes and debrta-mantled 
slopes .++ 

Rapid mass-movement 1. Most taIua ~ (espedally outatde 1. Some talus slopes (espedally inside 
features. the limits at Lomond Readvance the I1mits of Loch Lomond Readvance 

g1aders). g1aders.) 
2. Protalus ramparts. 2. Debrta Bows. 
3. AvalandIe boulder tongues m. 3. Shallow tranaJatsonal aUdes. 

4. Avalanche boulder tongus. 

Slow mass-movement 1. Rock gtac::kn. 1. Sol1Ouct1on sheets and lobes. 
features. 2. BouJder shccta and 1obes. 2. Ploughing bouldera. 

3. Debrta sbeda and lobe&++ 3. Turf-banked terraces. 
4. SolUluct1oo abeeta and lobes. 

Frost-aortlng and 1. Large amed drdea. 1. Small eorted drdea. 
mass-displacement. 2. Large 8Clrtcd stripes. 2. Small sorted sb1pes. 

3. Earth b"!J1I1"OclIB. 3. Earth hulDlDOCka (?). 
4. Nmaorted stripes. 

Wind acUon featurs. 1. DeOat1on surfaces. 
2. Wind strtpes and tteaoents. 
3. Niveo-aeol1an sand deposits. 

Nival and Ouvial 1. NtvaUon bol1ows. 1. NtvaUon bollowa. 
landforms 2. CoIIuvtal moea (?). 2. CoUuvial cones. 

3. AUuvta1 Cana. 3. Alluvial fana. 

Table 3.1. Late Deveosiao and 
features 00 Scottish mountains. 
1984). 

Flandriao periglacial 
(Based on Ballantyne, 

* Locally modified by Flandrian frost sorting. 
++ Locally subject to intermittant movement under present-day 
conditions. 
(7) Indicates uncertainty. 
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Readvance ice limits indicates tnat such shattered bedrock 

and associated mountain-top detritus was formed by 

macrogelivation under the severe peri~acial conditions of 

the Devensian (Sissons, 1977a; Ballantyne, 1981; 1982). 

Ballantyne (1984) identified three types of mountain-top 

detritus developed on different lithologies in the study 

area (Figure 3.6), as follows. 

Type 1 regolith consists of openwork blockfields and 

blockslopes with marked vertioal sorting and within whioh 

fines are confined to the basal layers and inf1l1 voids, 

rather than constituting a true matrix (Figure 3.6). This 

regolith type is best developed on well-jointed rook types 

that have resisted microgelivation, suoh as Cambrian 

Quartzite and Hoine granulite. Well developed blookfields 

and blockslopes are found, for example, on the quartzite 

outliers on An Teallaoh, around the summits of Sgurr B~n 

and Mullaoh Coire Mhic Fhearchair and down to an altitude 

of 590m on the granulite of Carn Gorm, on the north-west 

part of the Ben Wyvis massif. 

Type 2 regolith consists of clasts embedded in an 

abundant matrix of medium and coarse sand and grit. This 

regolith is typically developed in areas of Torridon 

Sandstone (e.g. the northern plateau of An Teallach and 
, , 

the summits of sail Mhor and Beinn Ghobhlach). A surface 

concentration of rounded flat-lying slabs or boulders 

usually over lies a shallow sand-rich zone oontaining fewer 

and generally smaller olasts that grades downward into a 

loose diam1cton consisting of angular slabs embedded in a 

oohesionless sandy matrix (Figure 3.6). 

81 



o 

'" 0 ·2 e 
;; 
E 
.S 0·4 
.t: 
Ci 
~ 0 ·6 

0 ·8 

TYPE 1 TYPE 1 TYPE 2 

Cambrian Moine granulite. Torridon 
quartzi te. Fannichs 

sandstone . 

An Teallach An Teallach 

[~y(/:J Medium sand. coarse sand and grit 

~~ 
~~ 

TYPE 2 TYPE 3 

Torridon Mica-schist. 
sandstone. 

Fannichs 
An Teallach 

TYPE 3 

Mica-schist. 

Ben Wyvis 

_ Fine sand. medium sand and silt 

Figure 3.6. Types of 
detritus developea on 
Ross (after Ballantyne, 

frost-weatnered mountain-top 
different lithologies in Wester 

1981) . 

82 



Type 3 regolit~ consists of a shallow diamicton in 

which angular and often platy frost-weathered olasts are 

embedded in a matrix that consists of fine to medium sand 

with an appreciable silt content. Vertical sorting is 

sometimes evident in tne form of a near-surfaoe rubble 

layer (Figure 3.6). This regolith type is 

characteristically developed on mountains composed of 

Hoinian mica-schists (e.g. Beinn Liath Mhor Fanna1ch, Am 

Faochagach and much of the Ben Wyvis massif). 

Relict patterned ground and mass-movement features 

have developed on mountain-top detritus in many areas. 

Inactive sorted circles occur on the Fannich Mountains, An 

Teallach and AIMhaighdean (HR 008 149), and reliot sorted 

stripes ocour on the summit plateau of Beinn Dearg above 

~.1050m (Ballantyne 1981; Ballantyne ~ ~., 1981) and on 

Meallan Ban above ~. 850m. Downslope mass-movement of 

mountain-top detritus during the Devensian has resulted in 

the formation of extensive debris sheets and lobes that 

terminate downslope in risers up to 4m in height. Large 

openwork boulder lobes occur on many of the Torridon 

Sandstone mountains and on the granite of Carn Chuinneag. 

Large vertically-sorted solifluction lobes occur on the 

Fannich Mountains, on Am Faoohagach, Ben Wyvis and on other 

hillslopes underlain by Hoin1an mica-schist (Ballantyne, 

1981, 1984; Ballantyne ~ ~., 1981). Although such 

vertically-sorted solifluction sheets and lobes apparently 

originally formed during the Devensian, some at least 

undergo sporadic movement under present-day conditions 

(Ballantyne, 1984). 
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The distribution of Devensian mountain-top 

detritus. 

Local controls on the nature and distribution of JA 

~ mountain-top detritus are complex and include 

gradient, lithology and the limits ot tormer glaciers 

(Sissons, 1977a; Ballantyne, 1984). .In 

frost-shattered mountain-top detritus occurs around man, 

mountain summits on slopes ot up to ..Q.. 5°, but periglacial 

detritus subject to tormer and sometimes continuing 

movement occurs on steeper slopes ot up to ..Q..400 

(Ballantyne, 1984). Lithology is one ot the most important 

controls on the nature or mountain top detritus, as 

described above (section 3.6.2). Finally, there is a 

well-established relationship between the extent ot 

frost-weathered rock (and sometimes aSSOCiated mountain-top 

detritus) and the upper limits of tor mer Loch Lomond 

Readvance glaCiers, since in some places the upper limits 

ot the tormer glaciers m~ be defined by a narrow zone or 

'periglacial trimline', where there is a rapid downslope 

change from intensely trost-shattered ground to ground on 

which glacially-scoured rock surtaces occur and there is 

little evidence ot periglacial weathering (ct. Thorp, 

1981, 1986). Sissons (1977a) reconstructed parts ot the 

upper lIargins ot Loch Lomond Readvance glaciers in Glearm 
, , 

na Mu1ce, around Beinn a'Ch8.1sgein MDr and in the eastern 

Fanoich }t)untains trom the position ot the downslope limit 

of trost-shattered regolith in these areas. However, the 

relationship between for.er glacial limits and the extent 

ot lIOuntain-top detritus in the Northern Highlands is otten 

more complex sinoe in maqy places there is an abrupt 
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downslope limit to .~ ~ frost-weathered regolith that is 

unrelated to the upper limits of Loch Lomond Readvance 

glaciers. As Ballantyne (1984, p.338) remarked, • ••• the 

abruptness of this limit in some areas is difficult to 

explain except in terms of the upper limit of a former ice 

sheet, possibly at its maximal extent or immediately before 

climatic amelioration initiated rapid ice-sheet decay." If 

this inferenoe is correct, it follows that the former 

surfaoe of the last ice sheet at its oulmination or at some 

stage during ioe retreat may be defined by the lower limit 

of ~~ mountain-top detritus, and that this upper 

'trimline' may be used to reoonstruct the former surface 

profile of the ioe sheet (see Chapter 4). 

~ Mountain-top so11s 

Soils on mountain summits in northern Sootland may be 

considered to be "relict palaeosols", that is sOils 

• ••• that have remained exposed at the land surface through 

at least two soil-forming episodes" (Rose ~ Al., 1985, 

p.350) sinoe in areas outside the Loch Lomond Readvance ice 

limits mountain-top soils have been exposed to weathering 

and pedogenes1s throughout at least the Lateglacial 

Interstadial, the Looh Lomond Stadial and the Holocene. If 

some mountain summits formed nunataks above the surface of 

the last ice sbeet at its maximal extent, then the soils 

found on these mountain summits may be much older. Reliot 

soils represent a summation of previous surface processes, 

but their usefulness as indicators of palaeoenviroomental 

conditions depends on the products of earlier soil-forming 

processes not being obsoured by subsequent pedogenesis 
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(Rose .n. .aJ..., 1985;._see Chapter 5). 

The major soil types identitied on Soottish mountain 

summits by the Soil Survey ot Sootland are subalpine and 

alpine podzols, rankers and peats in areas where suttioient 

soil-torming material has aooumulated, and regosols and 

lithosols on trost-shattered and ice-scoured summits. 

Particular soil assooiations related to speoitio rock types 

nave been detined by the Soottish Soil Survey (Futty ~ 

.iJ... , 1982; Figure 3.7). These are the Arkaig Assooiation 

developed on Maine 

developed on 

Sohist, the 

Torridon 

Torridon Assooiation 

Sandstone, the 

Countwessells/Dalbeatie/Priestlaw Assooiation tound on the 

Carn Chuinneag granite, the Durnhill Association tormed on 

Cambrian Quartzite, the Hatton/Tomintoul/Kessook 

Association tound on Devonian sandstone and oonglomerate 

and the Lochinver Assooiation developed on Lewisian Gneiss. 

The most extensive soil association in the study area is 

the Arkaig Assooiation, retleoting the extensive outorop ot 

Maine Schist east of the Moine Thrust (Figure 3.7). 

Generally, the soils on the higher mountain summits 

are tnought to have developed on cryogenic deposits and 

colluvium. Mountain heath oommunities including alpine 

azelea-lichen heath (Alectario-Callunetum vulgaris), 

fescue-woolly 

lanuginosum) , 

fringe 

stitt 

moss heath (Festuco-Rbacomitrietwa 

sedge-fescue grassland (Carp: 

biSelowii-Festuca yiyipara association) and some 

lichen-rich boreal heather moor (Vaccinio-Ericetwa 

Qinereae) are tound on mountain summits OD all soil 

associations (Fut ty .AL. .al.., 1982) Peat is locally 

extensive and is trequently bagged. Patches of bare ground 
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stripped by wind a.c.?tion also occur, especially on Torridon 

Sandstone plateaux (Ballantyne and Whittington, 1987). 

Soils are generally sandy loams containing very frequent 

small stones and occasional larger clasts and boulders, but 

the grain-size of the matrix is closely related to that of 

the parent bedrock (see seotion 3.5.2 above) • 

.3..a.7...... Sl!mmary 

The primary aim ot the research reported in this 

thesis is to reconstruct the former dimensions of the last 

Soottish ice sheet from evidenoe that mountain summits 

remained above the ice surface as nunataks. This aim 

required the seleotion ot a study area with abundant high 

ground, yet where the lateral limits of the ice sheet (and, 

by implication, its thickness) are believed on present 

evidence to be relatively restricted. The transect 

selected across northern Ross-shire fulfils both ot these 

aims, as it consists of an area of high glacially-dissected 

plateaux at a relatively short distance from the likely 

lateral margins ot the last ice sheet. The geological 

diversity ot the area is an advantage, in that it opens up 

the possibility ot tracing directions of former ice 

movement through the study of erratic dispersal, 

particularly in Wester Ross. High-level erratics, 

moreover, provide evidenoe for the former thickness of ice 

cover in this area, though so.e of these at least may have 

been emplaced by ice sheets earlier than the last ice 

sheet. The area is also ot considerable interest in terms 

ot its later glacial history: not only is it the only part 

of Scotland for which there is extensive evidence for one 
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or more glacial readvances that interrupted the retreat of 

the last ice sheet, but also there is considerable 

controversy concerning the extent of glaciation during the 

Loch Lomond Stadial. Finally, from the point of view of 

the aims of the study, it possesses the advantage that it 

is one of the few areas in upland Britain where 

mountain-top regolith and associated periglacial landforms 

have been studied in detail. 
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CHAPTER ~ ~ nature ~ significance ~ ~ pre-Loch 

Lomond Stadial ~ perig1acial trimline 1A~ Northern 

Highlands 

~ Introduction 

The aim of this chapter is to examine the nature and 

possible significance of a periglacial 'trimline' that 

occurs outside the former limits of Loch Lomond Readvance 

glaciers on mountains in the Northern Highlands. Recent 

evidence that the last ice sheet in northern Scotland may 

have been of comparatively limited lateral extent (see 

section 2.3 and section 3.4 above) implies that many 

mountain summits may have remained exposed to intense 

periglacial weathering above the surface of the last ice 

sheet throughout the Late Devensian or indeed longer. This 

high-level 'trimline' may, therefore, represent the former 

surface of the last ice sheet (Ballantyne, 1984; Ballantyne 

~ Al., 1987). This Situation is analogous to that 

proposed for the eastern margins of the Laurentide ice 

sheet in Canada and the western margins of the Scandinavian 

ice sheet in Norway, both locations where 'mature' ~ ~ 

mountain-top detritus is tnought to define areas that were 

not glaCiated duri~ the last ice maximum (the so-called 

'nunatak hypothesis'). This chapter falls into three 

sections. The first section examines the development of 

the 'nunatak hypothesis' in North America and Scandinavia 

and considers the implications of this hypothesis for the 

former vertical dimensions of the last Scottish ice sheet. 

In the second section the identification, mapping and 

distribution of periglacial 'triDUines' in the study area 
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will be considered._ 

of such 'trimlines' 

In the final section the significance 

in terms of the former vertical 

dimensions of the last ice sheet in northern Scotland will 

be discussed. 

lla2..a.. ~ 'nunatak hYpothesis' JJl North America .aru1 

Scandinay ia: a. review 

The term 'nunatak' is an Eskimo word meaning sensu 

stricto a mountain peak surrounded on all sides by glacial 

ice (Ives, 1974). The 'nunatak hypothesis' refers to the 

proposition that certain mountain summits were not covered 

by glacier ice during the last and possibly previous 

glacial periods, but remained as nunataks above the 

surfaces of the former ice sheets. EVidence in favour of 

the existence of former nunataks is derived principally 

from two sources: first, the distinct (particularly 

bicentric) distribution of arctio plant species in 

Scandinavia and eastern Canada apparently indicates the 

former existence of discrete biological refugia that were 

not covered by ice during at least the last glaciation 

(e.g. Blytt, 1876; Sernander, 1908; Fernald, 1925; Dahl, 

1955; cf. Ives, 1974); and second, intensely 

frost-shattered mountain-top detritus is thought by some 

authors to represent areas that were not glaoiated by at 

least the last ice sheets in eastern Canada and western 

Norway (cf. Ives, 1974, 1978; Kangerud, 1973; Sollid and 

Reite, 1983). This review evaluates the significance of 

the geomorphological evidence in favour of the nunatak 

hypothesiS in eastern Canada and Scandinavia, and examines 

the implications of the hypothesis for the former vertical 
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dimensions of the last ice sheet in northern Scotland. 

4.2.2. The geomorphological evidence in favour of the 

nunatak hypothesis. 

'Mature' jA~ frost-shattered detritus that occurs 

above a certain altitude or trimline below which there is 

evidence of glacial erosion and deposition can be 

interpreted in two contrasting ways. According to the 

nunatak hypothesis, the development of thick and extensive 

periglacial detritus took far longer than the time 

available since the last ice maximum, which implies that 

areas supporting such detritus were not covered by the last 

(WisconsinlWeichselian) ice sheets. Alternatively, 

opponents of the nunatak hypothesis argue that weathering 

on mountain summits has been rapid since the CUlmination of 

the last glaciation, resulting in the formation of thick 

periglacial deposits after mountain tops had been exposed 

by downwastage of the ice. A further possibility is that 

glaciers tnat developed on plateau summits were cold-based 
and pre-glacial 

and incapable of eroding pre-existing periglacial)features. 

Mucn of the evidence in favour of and against the nunatak 

hypothesis is ambiguous. For example, Flint (1943) based 

nis argument that mountain summits in eastern Canada were 

covered by glacier ice during the last glacial maximum on 

observations of high-level erratics in the Torngat 

Mountains (Odell, 1933, 1938) and Shickshock Mountains 

(Flint ~al., 1942; Figure 4.1). However, the occurrence 

of high-level erratics does not prove that an area was 

covered by the ~ ice sheet, since they may have been 

emplaced during a previous more extensive glaciation (Ives, 
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1978). Furthermore,_some supposedly erratic blocks in the 

Torngat Mountains may be the product of ~ ~ 

differential bedrock weathering (Loken, 1962a, 1962b). 

An additional consideration is that the precise nature 

and rates of frost-weathering processes currently operating 

or active in the past on mountains in eastern Canada and 

western Norway are, as yet, unknown. Present-day climatic 

conditions on mountains in western Norway do not appear 

sufficiently severe for the formation of mature ~ ~ 

mountain-top detritus (cf. Dabl, 1966; Ives, 1966). There 

is, therefore, no 

~ mountain-top 

developed) after 

unequivocal evidence that 'mature' ~ 

detritus developed (or could have 

the maximum of the last glaciation in 

either eastern Canada or western Scandinavia, although some 

degree of frost weathering is likely to have affected 

exposed bedrock during lateglacial stadials, such as the 

Younger Dryas Stadial in Scandinavia. However, it is 

unlikely that a climatic explanation can account for the 

abrupt downslope transition from frost-shattered to 

ice-scoured bedrock that has been recorded on several 

mountain ranges in both eastern Canada and western Norway. 

This lower limit to frost weathering would appear to be 

explicable only in terms of representing the upper limit of 

a former ice sheet, particularly as the regional gradients 

associated with such trimlines are consistent with the 

former directions of ice-sheet movement (Ives, 1978; Sollid 

and Reite, 1983). 
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Several weathering zones at differing altitudes have 

been identified in the mountain ranges of eastern Canada 

from as far apart as Baffin Island and western Newfoundland 

that may relate to several different glacial episodes (e.g. 

Da1y, 1902; Coleman, 1920, 1921, 1922, 1926; Ives, 1957, 

1958a, 1958b, 1960, 1975; Andrews, 1963; Miller and Dyke, 

1974; Grant, 1969, 1976; Brookes, 1970, 1977; England 

1976a, 1976b; Dyke, 1977). For example, in the Torngat 

range of north-east Labrador (Figure 4.1), Ives (1958a, 

1958b, 1978; Ives ~ ~., 1976) identified an uppermost 

weathering zone characterised by mature mountain-top 

detritus containing glacial erratics (the Komaktorvik 

Zone), an intermediate zone of 

detritus with some evidence of 

inCipient mountain-top 

past glaciation (the 

KoroksoaK Zone) and a lowermost zone with abundant evidence 

of former glaciation (the Saglek Zone; Figure 4.2). He 

suggested that moraines in the Saglek Zone were produced 

during the culmination of the last (Late Wisconsin) 

glaciation and that the two higher weathering zones were 

last glacier-covered during earlier and more extensive 

glaciations. A further upper zone of mountain-top detritus 

that does not contain glacial erratics (the Torngat Zone) 

may have remained unglaciated throughout the Pleistocene. 

However, this weathering-zone model is complicated by 

the possibility that mountain-top detritus in the 

KomaKtorvik weathering zone may have been preserved beneath 

cold-based glaoier ioe, which implies that ~ ~ 

frost-shattered detritus is not necessarily diagnost10 of 

areas that escaped glaciation. Sugden and Watts (1977) 

suggested that nigh-level erratics found in mountain-top 
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a. Southern Torngat Mountains. 

b. Central Torngat Mountains. 

KEY 

~ 
~ 

Moraines of the Saglek Zone 

Incipient mountain-top detritus and 
moraines in the Koroksoak weathering zone. 

Mountain-top detritus containing erratics in 
the Komaktorvik we athering zone. 
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Mountain-top detritus that does not contain 
glacial erratics in the Torngat weathering zone. 

Figure 4.2. Schematic diagram of weathering zones in 
the Torngat Mountains, Eastern Canada. In the upper 
diagram of weathering zones in the southern Torngat 
Mountains all the weatnering zones nave been glaciated. 
In tne lower diagram of the Central Torngat Mountains 
the uppermost Torngat Zone is assumed to have remained 
unglaciated. (Based on Ives, 1978). 



detritus on the summits of mountains in the northern 

Cumber land Peninsula, Baffin Island were incorporated into 

the glacier sole by regelation as the ice passed from a 

warm-based to a cold-based regime, particularly if ice 

moved out of a trough on to a plateau (Figure 4.3a). This 

hypothesis rests on the assumption that plateau ice was 

cold-based, frozen to its bed, and as a result incapable of 

active erosion, whereas ice in nearby troughs was 

warm-based and capable of vigorous erosion. Acoording to 

this hypothesis, areas of ~ ~ mountain-top detritus may 

have developed prior to inundation by the last ioe sheet 

and may have survived ice-sheet build-up and decay. Grant 

(1977) argued, however, that the weakness of this 

hypothesis is that to account for the observed abrupt 

change from frost-shattered to ice-sooured bedrock, the 

model requires an equally abrupt change from cold-based to 

warm-based ice (Figure 4.3b). For example, in the southern 

Torngat Mountains, the change from frost-shattered to 

ice-scoured bedrock occurs as a sharp line in places (the 

Komaktorvik/Koroksoak boundary) (Ives ~ ~., 1976). 

However, it is unlikely that the basal thermal regime of 

the last ice sheet was stable throughout the periods of ice 

build-up and decay. A further problem is that the 

cold-based ice hypothesis cannot explain the formation of 

ice-marginal lateral and end moraines that occur at the 

boundary of the Koroksoak and Saglek zones in terms of a 

continuum of landforms that developed beneath the last ice 

sheet. These moraines must nave developed either at the 

margins of the last ice sheet or during a subsequent 

readvance. Evidence that COld-based ice may be capable of 

limited basal erosion over a considerable time period 
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a . Cold-based , w'arm-based hypothesis according t o Sugden and Watts (1977 ) . 

b. Rapid tran s ition fro m warm- based to c o l d -based ice (cf . Gra nt , 1977 ). 

Cold-bllsed ice Cold- based ice 

c. Thin , cold -ba s e d ice cap s and warm-based ice streams (cf. I v es , 1978 ) . 

d . Multiple ice surfaces according to nunatak hypothesis . 

Ke y 

f2J 
11 

1 ------- 2 

Komaktorvik weather i ng zone 

Koroksoak weathering zone 

Saglek weather i ng zone 

1 . Pre-Wisconsin ice surface . 

2 . Pre-Wisconsin or Wisconsin 
ice surface . 

3 . Late Wisconsin ice 
surface. 

Figure 4.3. Schematic diagram illustrating hypotheses 
proposed to explain the 'weatnering zones' identified in 
Eastern Canada. 
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further conflicts with the cold-based ice hypothesis (cf. 

Shreve, 1984; Drewry, 1986). A variant of the cold-based 

ice hypothesis is tbat summit areas were covered by very 

thin, static ice caps frozen to their beds (Ives, 1958b, 

1963), whilst nearby troughs were occupied by warm-based 

ice streams (Fi~ure 4.3c). Tbis implies tbat erratics on 

mountain summits were emplaced by an earlier, thicker ice 

sheet, and that areas of ~ ~ mountain-top detritus may 

have formed before the development of plateau ice caps. 

According to this hypothesis, weathering-zone boundaries 

may relate to the former upper surfaces of tbe active ice 

masses that occupied toe valleys and troughs. 

There is at present no unequivocal evidence to rule 

out toe possibility that ~ ~ mountain-top detritus 

developed on mountains that were not covered by the last 

ice sheets in eastern Canada and western Norway (Figure 

4.3d). The downslope limit of ~ ~ blockfields is 

thought to represent the former surface of the last ice 

sheet in western Norway (e.g. Sol lid and S~rbel, 1979; 

Sollid and Reite, 1983). However, the situation in eastern 

Canada is more complex with up to four weatbering zones 

that are thought to relate to specific glaciations of 

progressively diminishing extent (e.g. Pheasant and 

Andrews, 1973; Boyer and Pheasant, 1974; Ives ~Ai., 

1976). Ives (1978) suggested that up to six differing 

glacial histories can be identified from weathering zones 

in the eastern coast ranges of Canada, as follows (Figures 

4.1, 4.4). 

1. Belle 1alA ~ (south-eastern Labrador and northern 

Newfoundland; Figure 4.4a). The tops of some mountains in 
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a. Belle I s l e fype . 
A 

A' 

PSL ===========~jjjj@flllll!!!l_~=======~~ 
GS L 

c. Nain-Okak Type. 

C 

PSL ==================================~~~~ 
GSL 

d. Nachvak Type. 
D 

D' 

e. Inugsuin-Ecl i pse Type. 

E 

PSL~~~~~~~~~~~~~~~~ 
GSL 

f . Frobisher-Hudson Stra i t Type 

F 

PSL ~~==========~wmmu 
GSL 

~ I ce at maximum of last g l ac i ation 

mmm I ce at maxi mum of penultimate glaciation 

• Koroksoak weatheri ng zone 

III Komaktorvik weathering zone 

~ Ice at max i mum of Komaktorvik glaciation 

[] Torngat weathering zone 

~ Mountain-top ice caps 

PS L P resent sea level 

GSL Glacial sea level 

E' 

F' 

Figure 4.4. Six schematic profiles drawn perpendicular 
to the general trend of the margin of tne Laurentide ice 
sheet. The locations of the transects (A-A' to F-F') 
are illustrated in Figure 4.1. The six types of 
transect are named after specific localities ranging 
from tne Straits of Belle Isle to north-eastern Baffin 
Island. (Based on Ives, 1978). 
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Newfoundland are covered by ill..a.1..t.Y. mountain-top detritus 

indicating either that they formed nunataks above the 

surface of the last ice sheet or that they were covered by 

thin, inactive and/or cold-based ice at the last glacial 

maximum. Prior to the last glaciation the whole area was 

covered by active ice. 

2. MakkoYlk ~ (Labrador Coast; Figure 4.4b). Mountains 

up to 600m high show detailed evidence of glacial erosion 

including roches moutonn'es, perched blocks and striae that 

indicate total inundation by active warm-based ice during 

the culmination of the last glaciation. .In .a1.t.u. 

mountain-top detritus is absent in this area. 

3. Nain-Okak ~ (southernmost Kaumajet Mountains; Figure 

4.4c). A pre-Late Wisconsin glaciation over topped the 

mountains of this area, though weathering of the Koroksoak 

Zone type (Figure 4.2) on higher summits indicates that 

sucn areas were glacier-free or else • ••• were covered by 

thin, stagnant and 

during all stades ot 

p.45). 

dynamically independent ice carapaces 

the last glaciation· (Ives, 1978, 

4. NachYak ~ (central Torngat Mountains; Figure 4 .4d). 

Local cirque and valley glaciers and independent ice caps 

developed in this area during the last glaciation (Sagleic 

Zone; Figure 4.2). Two earlier glaciations, the Koroksoak 

penultimate glaciation and Komaktorvik glaciation occurred 

in this area, the latter overtopping all the mountains and 

depositing numerous high-level erratics (Ives ~ 4l., 

1976) • 

5. Inygsuin-Eclipse ~ (northern Torngat Mountain and 
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Inugsuin Fiord area of north-east Baffin Island; Figure 

4.4e). This type is similar to the Nachvak Type except 

that erratics are absent from the higher mountain summits 

(Torngat Zone; Figure 4.2) implying either that such areas 

may never have been ~aciated or that they were covered by 

thin independent ice caps. 

6. Frobisher ~~ Hudson ~ ~ (Figure 4.4f). Limited 

glaciation of the Heta Incognita Plateau and independent 

glaciation of Hall Island probably occurred in this area 

during the last glacial maximum. 

4.2.3. Discussion. 

The nunatak hypothesis rests on the assumption that 

areas of 'mature' ~~ mountain-top detritus represent 

mountain summits that remained ice free when the last ice 

sheet was at its maximum extent, so that the downslope 

limit of such in~ mountain-top detritus represents the 

former surface of the last ice sheets in western Norway and 

eastern Canada when they were at their greatest thickness. 

A corollary is tnat different 'weathering zones' relate to 

different glacial events of progressively diminishing 

magnitude. According to the nunatak hypotnesis, the 

development of lA ~ mountain-top detritus in Arctic 

Canada occurred at the same time as the formation of 

mountain-top detritus on mountains in Newfoundland, some 

1000km farther south-east (Ives, 1978, p.37). The most 

critical test of the weathering zone concept is, therefore, 

the dating of the deposits in the various weathering zones. 
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Several workers~ave suggested that there is evidence 

that certain soil characteristics, such as clay mineral 

assemblages and chemical oomposition, are useful methods 

for distinguishing the relative ages of weathering zones 

(e.g. Dahl, 1948, 1961; Gjems, 1960; Andrews and Miller, 

1972; Dugdale, 1972; Isherwood, 1975; Bockheim, 1979). 

Dab! (1948, 1961) argued that in western Norway, 1l1ite, 

vemiculite and montmorillonite found in mountain-summit 

soils indicate a degree of weathering much greater than 

that found in soils of lateglacial age at lower altitudes. 

Similarly, Andrews and Miller (1972) and Bockheim (1979) 

suggested that relative age differences could be identified 

for soils developed on felsenmeer, weathered till and 

'fresh' glacial deposits in eastern Baffin Island. Use of 

soil characteristics in this way must be treated with 

caution, however, since local site variations in parent 

material, texture, and pedogenic processes strongly 

influence the development of soil characteristics under 

periglacial conditions (Moore, 1978). In addition, soil 

characteristics related to earlier weathering periods may 

in some circumstances have been preserved beneath ice that 

was cold-based and did not experience basal sliding (see 

abOve). 
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4.2.4. Periglacial trimlines and implications of the 

nunatak hypothesis for the vertical dimensions of the last 

ice sheet in northern Scotland. 

Widespread areas of lA~ frost-weathered detritus 

can be identified on mountains in the Northern Highlands. 

It has been shown that much of the frost-shattered detritus 

in the study area is Late Devensian in age (or possibly 

older) and relict (Ballantyne, 1984), implying that the 

detritus formed under conditions unlike those experienced 

on the mountains of northern Scotland at present. 

According to the nunatak hypothesis, these areas of 

frost-shattered detritus may have developed on mountain 

summits that were not covered by the last ice sheet. This 

possibility is reinforced by recent evidence which 

indicates that the last ice sheet in northern Scotland was 

of much more limited lateral extent than was previously 

believed (see section 2.3), which in turn suggests that 

many mountain summits may have been exposed to intense 

periglacial weathering above a former ice-sheet surface. 

The interpretation of iA ~ frost-weathered rock and 

relict mountain-top detritus on Scottish mountains in terms 

of the upper limits of former glaciation is not new. For 

example, several early workers observed that on a number of 

mountains in Skye there is a clear upper limit to 

glacially-scoured bedrock that coincides with the lower 

limit of frost-shattered bedrock (e.g. Forbes, 1846; 

Harker, 1899, 1901). Barker suggested that the splintering 

and shattering of rock on mountains in Skye took place when 

summit ridges were exposed to weathering above a former 
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glacier surface. Hora recent work has shown that many of 

these early observations relate to tne limits of glaciers 

of Loch Lomond Readvance age. These limits are thought to 

represent the level to which Loch Lomond Readvance glaciers 

removed or 'trimmed off' pre-existing periglacial features 

(cf. Sissons, 1977a; Thorp 1981, 1986; Ballantyne, 1982, 

1984). However, a distinct and abrupt downslope limit to 

~~ mountain-top detritus and an assooiated upper limit 

to glacially-scoured bedrock can be identified well outside 

the limits of Locb Lomond Readvance glaciers on several 

mountains in northern Scotland (of. Peach ~ ~., 1911; 

Ballantyne, 1984; Ballantyne n. .&1... , 1987) • The 

distribution and significance of this upper limit or 

'trimline' in the study area will be considered below. 

~ ~ distribution ~ mountain-tog detritus ~ 

trimlines .iJ:l .tu. study .il:B 

4.3.1. Methods. 

The glacial and periglacial features tbat occur in the 

study area 

the glacial 

were mapped as part of a large-scale study of 

bistory of northern Ross-sbire. Tbe 

distribution of mountain-top detritus and periglacial 

trimlines were investigated as part of this study. 

GeOlllorphological maps were prepared as follows. An io1 tial 

reoonnaissanoe survey of the glacial and periglacial 

features of tbe study area was undertaken using 1:25,000 

vertioal aerial photographs. The area was then mapped in 

the field 

1:25,000. 

using 

Aerial 

Ordnanoe Survey maps at a scale 

photograpbs were used to check 

of 

the 
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planimetric accuracy.of the field mapping. The information 

recorded on the field maps was transferred to 1:50,000 

scale geomorphological maps, which are reproduced below 

(see section 4.3.5). The periglacial and glacial features 

recorded are illustrated schematically in Figure 4.5. The 

principal features that are important for the 

identification of trimlines may be defined as follows 

(Figure 4.6): 

1. In ~ mountain-top detritus, which consists of relict 

periglacial frost-shattered debris that shows no evidence 

of downslope movement. 

Plate 4.1). The age 

Scottish mountains is 

4.3.3 below. 

Bedrock outcrops are few (e.g. 

of such mountain-top detritus on 

considered in sections 4.3.2 and 

2. Mass-moved mountain-top detritus, which comprises 

relict frost-weathered debris that shows evidence of former 

downslope movement. Landforms characteristic of such 

deposits include blockslopes, boulder lObes and large 

relict solifluction features (Plate 4.2). 

3. Frost-weathered bedrock, which consists of in ~ 

bedrock outcrops that have been markedly affected by 

periglacial weathering, including both macrogelivation and 

microgelivation. 

4. Incipient mountain-top detritus, which consists of a 

thin veneer of mechanically-weathered periglacial debris 

produced by (often limited) frost action that occurred 

during the Lateglacial and Holocene (Plate 4.3). 

Unvegetated areas of such 

affected by deflation. 

incipient detritus are often 

Small-scale active periglacial 
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In situ mountain-top detritus. 

Mass-move d mounta i n-top d etritus 

Ice-scoured bedrock 

Till 

Vegetation 

Figure 4.6. Three dimensional block diagram 
~llustrating tne distribution of mountain-top detritus 
and associated trimzones on mountains in the study area. 
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Plate 4 .1. Extensive area of Type 3 
mountain-top detritus developed near the 
Bodach M6r (822m, NH 36 1 893). 

109 

.1n ~ 
summit of 



Plate 4.2. Periglacial blockslope composed of blocks of 
Carn Cnuinneag granite up to 1.5m in length on the 
north-western slopes of Carn Cnuinneag (838m, NH 834 
484). 
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Plate 4.3. Incipient mountain-top detritus affected by 
deflation developed on the summit of Beinn Liatn Bheag 
(665m, NH 736 243). 



phenomena such as sor~ed circles and stripes may also be 

present on such detritus. 

5. Ice-scoured bedrock, which comprises bare rock surfaces 

that exhibit evidence of abrasion by glacial action and 

limited evidence of subsequent modification by periglacial 

weathering. Evidence of glacial abrasion commonly includes 

ice-moulding, striae, friction cracks and stoss and lee 

forms (roches moutonne~s). Ice-transported boulders often 

occur on such scoured rock outcrops (Plate 4.4). 

Lateral and terminal moraines, drift limits and 

hummocky drift relating to deposition by both Looh Lomond 

Readvance glaciers and the last ioe sheet in the study area 

were also mapped. The significanoe of these features in 

terms of the glaoial history of the area is examined in 

greater detail in Chapters 6 and 7. 

Trimlines represent the lines 'trimmed' by glaoier 

advance across pre-existing mountain-top detritus and 

frost-weathered bedrock. A trimline, however, rarely 

occurs as a distinct line on mountains in the study area; 

normally there is a zone that separates intensely 

frost-shattered bedrock and ~~ mountain-top detritus 

upslope from areas of ice-scoured bedrook downslope. This 

zone often contains mass-moved mountain-top detritus which 

moved downslope after the formation of the tr1mline. The 

term 'trimzone' will be used in this thesis to refer to 

this zone on mountains in the study area (Figure 4.6, Plate 

4.5). In the field the precise altitude of a trimline 

often cannot be distinguished, but by definition must lie 

within the trimzone. 
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Plate 4.4. Ice-scoured outcrop of 
and ice-transported boulders near 
Bheag (409m, NH 019 899). 
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Torridon Sandstone 
the summit of Sail 



Plate 4.5. Periglacial 'trimzone' developed on the 
soutn-eastern slopes of Beinn a'Chaisgein Mbr (851m, NG 
982 766). Ice-scoured outcrops of Lewisian Gneiss in 
the left of tne picture are replaced upslope by 
mass-moved mountain-top detritus and An ~ 
frost-weathered bedrock. 
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Two trimzones o(_different ages can be identified in 

the study area. The lower of these 

represents the former upslope limit of Loch Lomond 

Readvance glaciers. This has been defined as " ••• a line, 

or more often a narrow zone, in which there is a rapid 

change, often from intensely frost-shattered ground to 

ground in which glaciated rock surfaces of fresh appearance 

are common" (Sissons, 1977a, p.56); or as " ••• a narrow zone 

(10-30m) separating strongly ice-moulded from 

frost-affected bedrock below and above the trimline 

respectively" (Thorp, 1981, p.49). Thorp envisaged that as 

the ice surface rose during the readvance, it removed all 

pre-existing periglacial deposits and frost-weathered 

bedrock. Subsequent downslope movement of mountain-top 

detritus may have occurred after the formation of this 

trimline, during glacier wastage at the end of the Loch 

Lomond Stadial and during the Holocene. 

The origin of the older triIDzone on mountains in the 

study area is more difficult to determine. For areas 

outside the limits of Loch Lomond Readvance glaciers, 

Ballantyne (1984) noted that on mountains in the Northern 

Highlands the upslope transition from ice-scoured bedrock 

to slopes mantled by a thick cover of frost-shattered 

detritus is not progressive (as would be expected if 

climate was the only factor governing the downslope extent 

of such detritus), but on most lithologies occurs over no 

more than a few tens of metres. He suggested that this 

trimzone may represent the upper limit of a former ice 

sheet. If this were the case, then this older trimzone 

presumably developed as follows (Figure 4.7). Initially 
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a. Ice advances 'tr imming off' pre-existing 
mountain-top detritus. 

~/Trlmllne 

+~ "-..t 
/ ICE "'-

b. Ice retreats and downslope mass-move ment of 
mountain-top detritus occurs producing a trimzone . 

c. During the Loch Lomond Stadial further downslope 
movement of mountain-top detritus occurs. 

Mountain-top detritus 

Mass-moved mountain-top detritus El] 

~ Ice-scoured bedrock 

Surface of ice sheet 

Figure 4.7. 
mechanism of 
formation by 
mountains in 

Schematic diagram illustrating the possible 
older trimline and resultant older trimzone 
the surface of tne last ice sheet on 
the study area. 
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the former ice-she~~ surface would have risen during 

glacier advance, trimming off pre-existing periglacial 

detritus and frost-weathered bedrock. Mountain summits 

that were not covered by glacier ice would at the same time 

and earlier have been subject to intense periglaoial 

weathering that resulted in the formation of thick, ~~ 

mountain-top detritus (Figure 4.7a). Subsequently, 

downwastage of the ice-sheet would have left a distinct and 

fairly abrupt tr1mline that represented the approximate 

former maximum altitude of the ice-sheet surfaoe (Figure 

4.7b). The precise altitude of this older tr1mline would 

have beoome progressively obsoured by later downalope 

movement of mountain-top detritus that probably ooourred 

mainly under severe periglaoial conditions both during 

ice-sheet wastage and during the Looh Lomond Stadial 

(Figure 4.7c). As a result, the maximum possible altitude 

of the former ice surface may be represented by the lower 

limit of jA~ mountain-top detritus. In many places. 

however, it is difficult to identify olearly the precise 

altitude of the transition from ~ ~ detritus to 

mass-moved mountain-top detritus. The upper limit of 

ice-scoured bedrock represents the minimum possible 

altitude of the former ice surface. The distribution and 

significance of such trimzones are examined in sections 

4.3.5 and 4.4 below. The trimzone that occurs outside the 

former limits of Loch Lomond Readvanoe glaoiers is 

hereafter referred to as the 'older trimzone' in the text 

in order to differentiate it from Looh Lomond Stadial age 

trimlines or trimzones. 
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4.3.2. The age of mountain-top detritus on mountains in 

the study area. 

Given that frost-weathered regolith including iA ~ 

and mass-moved mountain-top detritus on Scottish mountains 

is essentially relict and has not formed since the Loch 

Lomond Stadial (Ballantyne, 1984), there appear to be two 

possibilities concerning the age of sucn deposits. The 

first is that mountain-top detritus formation post-dated 

the last ice maximum and occurred under severe periglacial 

conditions both as mountain summits emerged from 

downwasting ice and later during the Loch Lomond Stadial. 

Such a situation is envisaged for the formation of 

mountain-top detritus in areas where tne last ice sheet is 

thought to have covered all mountain summits, such as the 

Western Grampians (Thorp, 1981). The second possibility is 

that mountain-top detritus may have developed over a much 

longer time period on mountain summits that were not 

covered by the last ice sheet (Ballantyne, 1984). If this 

were the case, thick in ~ mountain-top detritus on 

mountain 

result of 

climatic 

longer. 

summits in northern Scotland may have formed as a 

intense periglacial weathering under severe 

conditions throughout the Late Devensian or 

However, most of the relict periglacial landforms ~ 

Visible on mountains in northern Scotland, such as 

large-scale patterned ground and boulder lobes, seem likely 

to have been last active during the Loch Lomond Stadial 

(Sissons, 1983; Ballantyne, 1984), even though some such 

features may represent older forms 'reactivated' during the 
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have removed stadial. Loch Lomond·-Readvance glaciers may 

pre-existing relict periglacial features 

during downwastage of the last ice sheet. 

that developed 

Of the various 

relict periglacial landforms that have developed in upland 

Scotland, only rock glaciers and protalus ramparts can 

unequivocally be related to formation during the Loch 

Lomond Stadial (Ballantyne, 1984). 

4.3.3. The significance of Loch Lomond Stadial frost 

shattering on trimzones in the study area. 

The climate of the Loch Lomond Stadial in the study 

area appears to nave been severe; if correctly identified, 

a supposed fossil frost wedge recorded by Sissons (1977a) 

inside the former limits of a Loch Lomond Readvance glacier 

in Gleann na Muice to the south of An Teallach implies that 

continuous permafrost occurred at altitudes as low as 

~.100m. Ballantyne (1982) recorded that joint depths in 

Torridon Sandstone had been increased by frost action 

outside the limits of a former Loch Lomond Readvance 

glacier on An Teallaoh when compared with joint depths 

within the former ice limit, even though ice moulding 

produced by the last ioe sheet is still preserved outside 

the Loch Lomond Readvanoe limits (Ballantyne, personal 

communioation). In addition, joint depths were found to 

decrease with altitude outside the Looh Lomond Readvance 

ice limits, which seems to imply that the effeotiveness of 

contemporaneous frost aotion decreased with altitude. On 

some mountains, frost weathering under periglacial 

conditions sinoe the downwastage of the last ioe sheet has 

resulted in the formation of areas of shallow 'incipient' 
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mountain-top detritus on lower plateaux and mountain 

summits. Many such areas of detritus have been affected by 

deflation and recent superficial frost action and support 

small-scale patterned ground features. 

Despite the apparent severity of the climate of the 

Loch Lomond Stadial, ice-scoured rock outcrops of Cambrian 

Quartzite, Torridon Sandstone and Lewisian Gneiss show few 

signs of modification as a result of Loch Lomond Stadial 

age frost-shattering in areas immediately outside the 

limits of Loch Lomond Readvance glaCiers, and on some 

mountains immediately downslope of areas of intensely 

frost-shattered bedrock. This is in marked contrast to the 

summits of mountains composed of these lithologies, which 

are often covered by thick frost-shattered mountain-top 

detritus (e.g. on Sgurr B~n, An Teallach and Beinn 

a'Cb~sgein M6r). For example, ice-scoured Torridon 

Sandstone outcrops that occur at altitudes of up to 610m on 

Heall Garbb, An Teallach, contrast with thick ~ ~ type 

2 mountain top detritus that occurs on the adjacent plateau 

at 730m. Ice-scoured Cambrian Quartzite outcrops outside 

former Loch Lomond Readvance glacier limits on An Teallach 

show finely-detailed evidence of glacial scouring, such as 

striae and friction cracks, up to altitudes of ~.500m, 

indicating that little periglacial modification of these 

rock surfaces occurred during the stadial. In oontrast, 

Cambrian Quartzite that occurs on the summits of the 

eastern spurs of An Teallach (Glas Mheall H6r, Glas Mheall 

Liath and S~l Liath) has been completely shattered by 

frost action and forms thick, In ~ Type regolith. 

Consideration of the significance of such contrasts may 
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have to be approached with 

variability, 

caution, however, because 

lithological 

differences, may also be 

in 

important 

particular Jointing 

in determining areas 

that are susceptible to intense frost shattering. The 

existence of extensive areas of ice-scoured bedrock at 

intermediate altitudes outside the limits of Loch Lomond 

Readvance glaciers nevertheless suggests that thick 

mountain-top detritus is unlikely to have developed on 

similar lithologies during the Lateglacial alone, and 

reinforces the possibility that such detritus developed 

over a much longer period and was not removed by the last 

ice sheet. 

4.3.4. The nature of the downslope limit of mountain-top 

detritus on mountains in the study area. 

Trimzones are best developed on mountains underlain by 

Torridon Sandstone, Cambrian Quartzite and Lewisian Gneiss 

in the west of the study area. For example, on Heal 1 

Garbh, An Teallach, the upper limit of ice-scoured Torridon 

Sandstone bedrock outcrops occurs at ~.610m, mass-moved 

detritus occurs from ~.650 to 730m and ~ ~ mountain-top 

detritus occurs above ~.730m. Similarly on Beinn 

a'Ch~sgein M6r the upper limit of ice-scoured Lewisian 

Gneiss bedrock occurs at ~.700 to ~.720m, mass-moved 

mountain-top detritus occurs directly above this limit and 

thick ~~ detritus occurs above ~.800m (Plate 4.5). 

There is a considerable altitude difference between the 

upper limit of glaoially-scoured bedrock and the lower 

limit of ~ ~ mountain-top detritus on several 

mountains. For example, on Sgurr Ban the upper limit of 
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glacially-scoured Cambrian Quartzite bedrock occurs at 

~.750m but the lower limit of in ~ detritus lies between 

850m and 900m (Plate 4.6). In places, mass-moved 

mountain-top detritus has clearly moved downslope across 

ice-scoured bedrock outcrops. For example, on the southern 

and eastern slopes of Glas Hbeall Liath, An Teallach, 

blockslopes composed of Cambrian Quartzite boulders have 

moved downslope across ice-scoured outcrops of Torridon 

Sandstone (Plate 4.7; of. Ballantyne ~Al., 1987). 

On several mountains a gradient-related downslope 

limit to mass-moved mountain-top detritus occurs, where 

oliffs define the lower limit to frost shattered detritus 

(Figure 4.8a). For example, on the southern slopes of 

Seana Bhraigh, periglaoial blookslopes are found down to an 

altitude of 830m, below which there is a steep oliff faoe. 

In plaoes where slopes are too steep to allow the formation 

of thick mountain-top detritus, the altitudinal difference 

between frost-shattered and 

may be oonsiderable. For 

ioe-sooured bedrock outorops 

example, the upper limit to 

ice-scoured bedrock in the area to the west of Beinn Dearg 

H6r occurs at ,Q,.600m (NB 023 801) whilst in ~ 

mountain-top detritus occurs on the summit area above 

.Q,.800m (NB 030 800). In this situation the upper limit of 

ice-scoured bedrock must 

minimal altitude of 

be regarded as representing a 

glaoial soouring. Neighbouring 

ioe-scoured mountain summits and ools may also provide 

evidence for a minimal altitude of glaoial soouring on some 

mountains. 
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Plate 4.6. Periglacial 'trimzone' on the western slopes 
of Sgurr B~n (989m, NH 055 746). Ice-scoured Cambrian 
Quartzite outcrops in the foreground of tne picture are 
replaced upslope a ~.750m by a quartzite blockslope. In 
~ mountain-top detritus occurs on the summit of this 
mountain, above ~.850m. 



1 2 ~ 

Plate ~.7. Mass-moved Cambrian Quartzite blockslope 
that covers ice-scoured outcrops of Torridon Sandstone 
on the eastern slopes of Glas Mneall Liatn, An Teallach 
(950m, NH 080 840). 



a. Grad i ent-related d owns lope limit of mass-moved 
mountain-top · ~et ritus. 

b. No evidence of glacial erosion immediately downs lope of 
mass-moved moun t ain-top detritus. 

c. Inc i pient mountain-top detritus occurs di rectly be low 
mass-moved mountain-top detritus. 

Key 

• • 
In situ mountain-top detr i tus 

Mass-moved mountain-top detr i tus 

Incipient mounta i n-top detr i tus. 

Vegetation 

Ice-scoured bedrock 

Figure 4.8. The contrasting nature of the downslope 
limit of mass-moved mountain-top detritus that occurs on 
some mountains in the study area. 
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Trimzones are le38 well developed on mountains in the 

east of the study area, many of which are underlain by 

Moine schists. The particular problem of trimzone 

identification on such mountains is that in many locations 

glacially-scoured bedrock does not occur immediately 

downslope of the lower limit of mountain-top detritus 

(Figure 4.8b). For example, on Bodach Beag (NH 351 876) 

there is no evidence of glacial soouring immediately 

downslope of a thick cover of mass-moved mountain-top 

detritus that supports large relict solifluction lobes 

(Plate 4.8). On some mountains underlain by Moine schists, 

incipient mountain-top detritus has developed on rook 

surfaces downslope of areas of thiok mountain-top detritus 

(e.g. on the western slopes of Am Faochagaoh; 954m, NH 303 

794; Figure 4.80). 

4.3.5. The regional distribution of mountain-top detritus 

and trimzones in the study area. 

The distribution of mountain-top detritus and 

assooiated trimlines and trimzones is oonsidered here in 

terms of four distinot areas, namely the west, the Beinn 

Dearg Massif, the Fannioh Mountains, and the east, as these 

areas differ in terms of lithology, nature of tr 1mzo ne 

development, or both. Numbers in parentheses refer to the 

location of trimzones that are recorded in Figures 4.11, 

4.16 and 4.21 (see also Appendix 1). Trimzone looations 

are also shown in detail on the geomorphologioal maps in 

Figures 4.12 to 4.15, Figures 4.17 to 4.20 and Figures 4.21 

to 4.24. The location of mountain summits in northern 

Ross-shire mentioned in the text are reoorded in Figure 4.9 
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Plate 4.8. Mass-moved mountain-top detritus including 
large solifluction lobes on the western slopes of Bodach 
Beag (837m, NH 351 816). There is no clear evidence of 
glacial scouring immediately downslope from the thick 
mass-moved detritus. 
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and the location of th~ geomorphological maps 1s recorded 

in Figure 4.10. 

4.3.5.1. The west (Figure 4.11). 

By far the best-developed older trimzones are found on 

mountains underlain by Torridon Sandstone, Cambrian 

Quartzite and Lewisian Gneiss in the west of the study 

area. The older trimzones here are often fairly narrow and 

well-defined. For example, the transition from 

frost-shattered to ice-scoured bedrock occurs over a few 

tens of metres on An Teallach (1,2; Figure 4.13), Beinn 

a'Ch~sgein H6r (39; Plate 4.5) and Beinn a'Ch&isgein Beag 

(47, 48; Figure 4.12). On several mountains, however, 

there is a considerable altitude difference between the 

upper limit of ice-scoured bedrock and the lower limit of 

Jn~ mountain-top detritus. For example, on the eastern 

slopes of Sgurr Ban the upper limit to ice-scoured bedrock 

occurs at ~.750m whilst the lower limit of 1n ~ 

mountain-top detritus occurs between 850m and 900m (23; 

Plate 4.6; Figure 4.13). In general, however, the 

altitudinal distribution of the older trimzone in this area 

indicates a consistent north-westerly decline in trimzone 

altitude. For example, OD Beinn a'Ch&isgein Beag a 

well-developed older trimzone occurs between ~.530m and 

600m (45, 48), on Be1nn a'Ch~sgein M6r the older tr imz one 

occurs between ~.700m and so Om (39, 44) and OD Ruadh Stac 

MOr the older trimzone occurs between ~.750 and 800m (37; 

Figures 4.12). However, Sis80ns (1977a) suggested that 

part of tne trimzone around Beinn a'Ch~sgein H6r (40 and 

41; Figure 4.12) was formed by a Loch Lomond Readvance 
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glacier that occupied the plateau area between 

A'Mhaighdean, Ruadh Stac M6r and Beinn a'Ch~sgein M6r (see 

below). On the mountain range to the north-east of Loch 

Maree the older trimzone is found between ~.670m and 700m 

on Beinn Airigh Charr (50, 51; Figure 4.12) and between 

~.750m and 800m on the western and southern slopes of Beinn 

L~r (53 to 58), though the intervening summit of Meall 

Mh~innidh (720m; 52) is ice scoured (Figure 4.12). ~ ~ 

mountain-top detritus also occurs above ~.900m on the 

summit of Slioch (60, 61; Figure 4.15). The altitude of 

the trimzone also rises southwards, from between ~.610m and 

~.730m on Meall Garbh, An Teallach (1), to between ~.700m 

and 900m on Beinn a'Chlaidheimh (19) and between ~.800m and 

850m on the eastern slopes of Sgurr Ban (23) (Figure 4.13). 

Host mountain summits up to an altitude of ~.700m in the 

west of the study area are ice scoured, including Beinn nam 

Ban (14; 580m), Creag Mheall MOr (49; 628mj Figure 4.12), 

Beinn Tharsuinn Chaol (59; 649m; Figure 4.12), Meall 

Mheinnidh (52; 720m; Figure 4.12) and Beinn a'Mhuinidh (63; 

692mj Figure 4.15). 

Sissons (1977a) initially mapped part of the trimzone 

around the north-eastern slopes of Beinn a'Ch~sgein M6r 

(40, 41; Figure 4.12) as representing the former upper 

surface of a Looh Lomond Readvance glacier that oocupied 

the plateau between A'Mhaighdean, Ruadh Stac Mor and Beinn 

a'Chatsgein MOr (Figures 4.12 and 4.13). However, it is 

olear from re-mapping in this area that the trimzone 

continues around Beinn a'Ch~sgein Mor to both the north 

and south of the trimline mapped by Sissons (39 and 42; 

Figure 4.12). This trimzone is particularly well developed 
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on the crag above Carn-M6r (39; NG 981 777; Figure 4.12), 

where it consists of ice-scoured outcrops of Lewisian 

Gneiss that are replaced upslope by mass-moved mountain-top 

detritus at an altitude of ~.700m (Plate 4.5). This is 

well above the mapped limits of the former Loch Lomond 

Readvance glacier, which is thought to have terminated at 

distinct moraines that form the causeway between Dubh Loch 

and Fionn Loch (NG 974 760; Sissons, 1977a; Figure 4.12). 

The lower limit of the trimzone occurs at a consistent 

altitude around Beinn a'Ch~sgein 
, 

Mor, from ~.700 to 

~.720m. If Sissons' mapping is correct, the former Loch 

Lomond Readvance glacier appears to have 're-occupied' 

parts of a pre-existing trimzone along the north-eastern 

slopes of Beinn a'Ch~sgein M~r. As a result, it may be 

inferred that the remainder of the trimzone, well above 

Sissons' mapped glacier limits, relates to an ice advance 

that pre-dates the Loch Lomond Stadial. Alternatively, 

Sissons' mapping of the Loch Lomond Readvance glaciers in 

this area may be incorrect, and the entire trimzone may 

have developed prior to the Loch Lomond Stadial. The 

regional pattern of increasing altitude of the lower limit 

of the trimzone from ~.530m on Beinn a'Ch~sgein Beag to 

between ~.700 and 720m on Beinn a'Ch~sgein M6r and 750m on 
, 

Ruadh Stac Mor suggests that parts of the trimzone on Beinn 

a'Chatsgein M6r may be related to an ice surface that 

pre-dates the Loch Lomond Stadial in this area. The 

significance of this trimzone in terms of the dimensions of 

former glaciers in this area will be examined in greater 

detail in Chapters 6 and 7. 
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Re-mapping o( glacial and periglacial features that 

occur in the corrie 
, 

between Sgurr Ban and Hullach COire 

Mhic Fhearchair (24; Figure 4.13) indicates that the former 

Loch Lomond Readvance glacier was more extensive in this 

area than has previously been believed (cf. Sissons, 

1977a). A lateral moraine related to the former glacier in 

this corrie can be identified on the southern slopes of 

Sgurr B~n, and a distinct downslope limit of Quartzite 

blockslopes in this area appears to be related to the upper 

surface of the former Loch Lomond Readvance glacier in this 

corrie (24, 25, 26; Figure 4.13). The precise dimensions 

of tbe former glacier in this corrie are considered in 

Chapter 7. 

4.3.5.2. Tbe Beinn Dearg Massif (Figure 4.16). 

Distinct older trimzones occur between ~.750m and 820m 

around Beinn Enaiglair (72 and 74), between ~.850m and 900m 

to the west of Beinn Dearg (77), between ~.920m and 930m on 

Heall nan Ceapraichean (83 and 87) and between ~.900m and 

920m on the eastern slopes of Eididh nan Clach Geala (90) 

(Figure 4.17). The plateau area to tne north-east of Beinn 

Dearg, which includes the summits of Toman Coin1ch (88; 

864m) and Cnap Coire Loch Tuath (89; 884m) , is mostly ice 

scoured, though ~~ mountain-top detritus occurs on the 

summits of An Socach (92 and 93; 850m) and Heall Glac an 

Ruighe (94 and 95; 850m) (Figure 4.17). 

mountain-top detritus occurs on many of the summits to the 

east of Seana Bhraigh, including Seana Bhraigh itself above 

900m (97 and 99; Figure 4.17), Carn B~n above 830m (103 and 

106) and Bodacb Beag and Bodach Hor above 800m (107 and 
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108; Figure 4.18; Plate 4.1), though trimzones are not well 

developed. A well-developed trimzone occurs between ~.825m 

and ~.840m around Carn Gorm Loch (114 to 116; Figure 4.18). 

Relict sorted circles ~.1m in diameter and stripes up to 

1.5m across are developed in mountain-top detritus on the 

summit of Meallan B~n (117; 882m) and occur near tne summit 

of Beinn Dearg (78; 1084m). lA ~ mountain-top detritus 

also occurs on the summit of Am Faochagach (954m), and 

well-developed boulder lobes and blockslopes mantle the 

western slopes of this mountain down to ~.700m (119 to 120; 

Figure 4.17). Immediately below these deposits, rock 

surfaces have been affected by limited frost action forming 

incipient mountain-top detritus. Incipient mountain-top 

detritus also occurs on many mountain summits to the 

north-east of the Beinn Dearg massif including Carn Loch 

Sr~ban M6ra (102; 735m), Meall a'Chaorainn (111; 632m) , 

Meall a'Chuaille (112; 628m) and An Socach (110; 745m) 

(Figure 4.18), which indicates that such summits were 

probably actively glaciated during the last ice-sheet 

maximum but exposed to severe periglacial conditions during 

ice sheet downwastage and the Loch Lomond Stadial. 

The former dimensions of the Loch Lomond Readvance 

glaciers in the area immediately to the north of Beinn 

Dearg are, as yet, uncertain (cf. Figure 4.17; see chapter 

7). Sissons (1977a) reconstructed the upper parts of three 

former readvance glaciers in this area from interpolated 

ice limits, and suggested that these glaciers were not 

confluent. However, trimzones that occur on the eastern 

and southern slopes of Meall nan Ceapraichean (83 to 87) 

and on the eastern slopes of Eididh nan Clach Geala (90) 
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and ice-scouring . that occurs on the summits of Cnap Coire 

Loch Tuath (89, 884m) and Toman Coinich (88, 864m) indicate 

that glacier ice may have been much more extensive in this 

area during the Loch Lomond Readvance than he believed 

(Figure 4.17). The significance of trimzones for the 

dimensions of former readvance ~laciers in this area are 

examined below (see Chapter 6 and 7). 

4.3.5.3. The Fannich Mountains (Figure 4.16). 

Trimzones are in general poorly developed in the 

Fannich Mountains, though Sissons (1977a) identified a 

trimzone of possible Loch Lomond Stadial age on the 

southern slopes of Beinn Liath Mh6r Fannaich (139; Figure 

4.20j see Chapter 7). Older trimzones occur to the south 

of Sgurr nan Clach Geala between ~.820m and 1050m (131), to 

the east of Sgurr Breac between ~.840m and 900m (130) and 

to the west of Meall a'Chrasgaidh between ~.770m and 810m 

(134) (Figure 4.19). Considerable downslope movement of 

mountain-top detritus has occurred in the Fannich 

Mountains. 

Gorm (148) 

For example on the southern slopes of Meall 

and An Coileachan (151), periglacial 

debris-mantled slopes occur down to ~.670m, and on the 

southern slopes of An Eigen debris-mantled slopes occur 

down to ~.580m (153) (Figure 4.20). In the area between 

Meall a'Chrasgaidh and Sgurr nan Clach Geala relict 

solifluction lobes occur down to ~.750m (135; Figure 4.19). 

Incipient mountain-top detritus is widespread on most 

of tne Fannich Hountains. For example on Toman Coinich 

incipient detritus occurs above ~.730m (128) and patches of 
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incipient detritus occur along the eastern ridge of the 

Fannich Mountains from Sgurr M6r to An Coileachan (Figure 

4.20). Incipient detritus also occurs on lower mountain 

summits including Beinn Liath Beag (160; 665m) and Meall na 

Speirig (159; 676m). Ice-scoured summits in this area 

include An Cabar (154; 556m), Beinn Dearg (155; 687m) and 

Meall Mhic Iomhair (161; 607m; Figure 4.20). 

Sissons (1977a) identified a distinct trimzone on the 

southern slopes of Beinn Liath 
~ Mhor Fannaich at ~.850m 

(139). An additional trimzone can also be identified on 

the southern slopes of the spur to the south of Bainn Liath 

Mhor Fannaich at the same altitude (138; Figure 4.20). 

These trimzones were interpreted by Sissons as relating to 

the upper surfaces of the former glaciers that occupied the 

northern flanks of the eastern Fannich Mountains. He 

initially proposed that the former glaciers in this area 

were of Loch Lomond Readvance age, though he subsequently 

suggested (cf. Sutherland, 1984, p.207) that they may 

pre-date the Loch Lomond Stadial (see chapter 7). 

4.3.5.4. The east (Figures 4.21). 

Periglacial trimzones are very poorly developed on the 

mountains in the east of the study area, though older 

trimzones can be identified above ~.600m on Meall 

a'Ghrianan (167; Figure 4.18) and above ~.580m on Carn Gorm 

(185; Figure 4.22). Incipient mountain-top detritus has 

developed on many mountain summits in the east, including 

the area to the north of Beinn a'Chaisteil at ~.660m (164; 

Figure 4.18) and on the summits of Beinn Tharsuinn (169; 
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714m), Diebidale R~dge (170; 691m) Dunan Liath (171; 691m) 

and Beinn nan Eun (179j 742m) (Figures 4.22). An exception 

to this pattern is Carn Chuinneag (172-175; 838m; Figure 

4.22), the summit of which is surrounded by spectacular 

granite blockslopes that contain boulders up to 1m across 

(Plate 4.2). 

The summit area of Ben Wyvis 

covered by thick iA ~ 

(187; Figure 4.24) is 

Type 3 frost-shattered 

mountain-top detritus and the north-western slopes of the 

mountain are mantled with frost-weathered detritus that has 

undergone downslope movement. The granulite summit of Carn 

Gorm (740m; 185 and 186; Figure 4.22) in the north-west 

part of the Ben Wyvis massif has been completely shattered 

by frost action forming an in ~ granulite blockfield. 

Ice-scoured summits in this area include Little Wyvis (191; 

760mj Figure 4.24), Queens Cairn (184; 640m) and Carn H6r 

(182; 640mj Figure 4.22). 

~ ~ ~ origin ~ significance ~ pra-Loch Lomond 

Stadial ~ trimzones in ~ study ~ 

The interpretation of the older trimzone as 

representing the approximate maximum former altitude of the 

surface of the last ioe sheet in the study area rests on 

the assumption that the ice sheet removed or "trimmed off" 

pre-existing mountain-top detritus and frost-weathered 

bedrock (see section 4.3.1.; Figure 4.7). However, there 

are several different hypotheses that may explain the 

chronology and nature of trimzone development on mountains 

in the study area (Table 4.1). These are examined below. 
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1 . 'lIies t er Rcs. 
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2 .Ear lier i ce -. hee~ 
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). La. t ice - s heet 
n:a KimW!l 

4 .Cold - oa sed 
ice c.aps. 

Cl aci a l an d perlql aci a l 
event. before the 
01m11nqton S t adi.l 

1.Ieo . heet( s' cover 
.. 11 mountain .unnit. 
depo. iting high - level 
errat ic •. 

2. Subs~uent development 
of mounta1n-t op 
detritus. 

1.Ice s hee t (., cove r 
a ll mount a in . unni ts 
deposit i ng h i gh-level 
erratic • . 

2 .Subsequent development 
ol mountain -top 
detritus '? 

01.m.l1nqton Stadi a l 

1. lee .sheet advan ce . cover t nq 
. 11 mounta i n I Ulml l ta a nd depo s it . 
hlqh-level errat i c • . 

2 .1 ce .hee t d OVTHn. tc. and 
mounta i n -top detritus develop •. 

J. Ice . heet readv.nee, dur i nq 
Neuter RO il" Readv_nee (orminq 
tr1mline 

4 . T rirazo ne dcve lop. at .. r4" u 1 t 
of mas. - movement dur i.nq ice - .heet 
"a.taqe . 

1 . Ice shee t a dv a nce. covec l nq 
.11 mountain .urma1t. and depo.it. 
hlqh - level er ratic •. 

2 . Ice .heet downw ... te. and 
mounta1n - top detritu s develop. 
on .ummit. a. they emerqe from lhe 
ic e . 

3 . Ice sheet readvaneea and 
t r im.line formed . 

4 . lee abeet downwl"te. and 
d o wn.s lope move:m4!l'nt of mountain - top 
detritu. occur. t oming tdtftzono . 

S . waster Ros. Readvanee : no 
tr i m.line development. 

1. Ice . heet advance. 'tr itrl'llinq 
olf ' pre-exi st ing mountain - top 
detritu. (ornling trint.line . 

2 . lee sheet d ownwa. te . and 
down.alope movemen t 0 ( 

mountain - top detritu. occur. 
(orming crimzone . 

l . Wester Ro •• Readv.nee: no 
teinUine development. 

1 . Ice ahe.t advance . 't r i mmi nq 
off' pr-c- exi.st inq: mounta i n -top 
detritus (orminq tr.lmline: 
cold - based i ce c ap. on 
mountain .summ.i t s pres erve i n 
" i tu mountai n - top detritu • . 

2. Iee theet downwaste. and 
down.a lope movement o( lDOunta 1n- top 
de t ritus occur. (orminq: trimlon •. 

3 . We.ter R05. Readv.nee: no 
triruline deve lopmen t . 

Table 4.1. Hypotneses of older trimline and 
trimzone formation in northern Ross-shire. 

Loch Lomond 
St"dl . l 

Do wn. lope moveMent of 
mounta i n - top de t r i tus 
occur:"' . Development of 
incip i ent moun t a in-top 
de t ritus on . om" 
litholoq i es . 

Further downs lope 
movement of mounta ln - top 
detritu s occu r • . Deve l opment 
of inci p i ent mountain - top 
detr l tU J on some litholoq i es , 

ruecher down. lope 
movement oC mounta i n -top 
detr it us occu r •. Development 
o( inCipient m.ounta in-top 
detritu. on some l i tholoq i e • . 

F'urthec downs lope 
movement o f mountain - top 
detritus occur •. Oeveloplnl!!lnt 
of inCi p i ent moun t a ln - t o p 
detr itua on some 11t holoqie5 . 

associated 
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4.4.1. Hypothesis.1: trimline formation associated with 

the Wester Ross Readvance. 

Ballantyne (1984) initially 

westwards decline in altitude of 

severely frost-shattered detritus 

proposed that the 

the lower limit of 

from the Fannich 

Mountains to An Teallach may be related to the former upper 

surface of the last ice sheet at the time of the Wester 

Ross Readvance. However, the lower limit of ~ ~ 

frost-shattered mountain-top detritus on Baosbheinn and 

Beinn an E~in, south of Loch Maree, lies well above the 

limits of the Wester Ross Readvance, implying that the 

older periglacial trimzone on these mountains relates to an 

earlier and thicker ice-mass than that which terminated at 

the Wester Ross moraines (Ballantyne, 1986; Ballantyne ~ 

Al., 1987). In addition, the existence of extensive areas 

of ice-scoured rock outcrops outside the upper limit of the 

Wester Ross Readvance on Baosbheinn, implies that intense 

periglacial frost weathering did not affect rock surfaces 

immediately beyond the lateral margins of the Wester Ross 

icefield in this area. On An Teallach, moraines thought to 

be related to the Wester Ross Readvance (Robinson and 

Ballantyne, 1979) curve into the western corries, 

indicating that these corries remained glacier free 

throughout the readvance. However, the lower limit of ~ 

~ and mass-moved mountain-top detritus occurs well above 

the former glacier surface in these corries, again implying 

that the older trimzone relates to an earlier and thicker 

ice mass. 
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Therefore, the Wester Ross Readvance does not appear 

to have coincided with trimline or trimzone formation, 

implying that older trimzones are related to an ice advance 

that pre-dates the Wester Ross Readvance. Furthermore,_ 

some ice-scoured bedrock surfaces immediately outside the 

former Wester Ross ice limits are little affected by 

intense frost weathering, implying that since ice-sheet 

deglaciation periglacial conditions were either not severe 

enough, or were not severe over a sufficiently long 

duration, to allow thick frost-shattered detritus to 

develop in such locations. 

4.4.2. Hypothesis 2: trimline formation associated with 

an ice-sheet readvance pre-dating the Wester Ross 

Readvance. 

Another possibility is that the older trimzone may 

represent the upper surface of the last ice sheet at the 

time of a readvance that post-dated the ice sheet maximum 

yet pre-dated the Wester Ross Readvance (Figure 4.25). 

According to this hypothesis, the last ice sheet covered 

all mountain summits, depositing high-level erratics. 

Subsequently the ice-sheet downwasted for a sufficiently 

long time period for thick iA ~ mountain-top detritus to 

develop on high ground. The ice sheet then readvanced, 

trimming off pre-existing mountain-top detritus. This was 

followed by downslope movement of mountain-top detritus 

that occurred during downwastage of the ice sheet and the 

Loch Lomond Stadial. 
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a . During the Dimlington St adial the last i c e sheet advances covering 
all mou ntain summits, d~posi ting high-level erratics . 

b. Ice sheet down wastes and in situ mountain- top detritus 
develops . 

c . Ice sheet readvances forming a trimline . 

d . I c e sheet downwastes and downs lope mass movement of 
moun ain-top detritus occurs forming a trimzone. 

e. Presen t situation on mountains in the study a rea foll OWing 
downs lope movement of mountain-top detritus dur i ng the Loch 
Lomond Stadial . 

t2J 
~ 

~ situ mountain-top detritus . 

Mass-moved mountain top detritus . 

Former ice sheet . 

TrinlZone 

Figure 4.25. Schematic diagram 
formation by a readvance of 
text: Hypotneses 1 and 2). 

of trimline and trimzone 
the last ice sheet (see 
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There is some evidence that the pattern of glaciation 

and deglaciation in northern Scotland during the Dimlington 

Stadial was more complicated than has previously been 

believed since the recent discovery off the northern tip of 

Lewis of moraines that apparently mark the maximum extent 

of the last ice sheet (Sutherland in Ballantyne ~ al. , 

1987) implies that an end moraine earlier identified in the 

North Minch (Sutherland, 1984) possibly relates to a 

readvance of the last ice sheet that occurred after the 

last ice maximum but before the Wester Ross Readvance. The 

absence of a trimline or trimzone associated with the 

Wester Ross Readvance, however, strongly suggests that the 

older trimzone is unlikely to be related to a Similar, 

earlier ice-sheet readvance, unless severe periglacial 

conditions affected high ground prior to such an earlier 

readvance for a much longer period of time. Moreover, the 

precise chronology of glacial events in this area remains 

to be established. 

4.4.3. Hypothesis 3: Assooiation of the older trimzone 

with the surface of the last ice sheet at its maximum 

extent. 

This hypothesis of trimline and trimzone development 

implies that ~ ~ mountain-top detritus developed under 

severe periglacia! conditions throughout the Dimlington 

Stadia! (or longer) on mountain summits that were not 

covered by the last ice sheet (Figure 4.26). According to 

this hypothesis, high-level erratics that occur in 

mountain-top detritus were deposited by an ice sheet that 

was more extensive and thicker than the last ice sheet. 
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a. Pre-Dimlingto~ Stadi al ice sheet deposits hig h-level 
errat:1cs . 

b. ID situ mountain-top de t ritus may have d e ve lope d on 
mount a in summits prior t o the Dimlington Stadial . 

c . Ice advances during Dimlington Stadial forming trimline . 

d . Ice sheet d ownwastes and downslope mass - moveme nt 
of mountain - top detritus occurs and trimzone fo rms. 

A ~ ~TrimZOne + ;;..... . . \1 + 
?J <zD' '<D '« 

e.Subsequent ice sheet readvances : no trirnline development . 

f. Present situation on mountains in the s tudy area following 
downs l ope movement of mountain- to p detritus d uri ng the Loch 
Lomond Stadial. 

_ ...... .:.;,,:.;r-'" :J-- Trimzone 

In situ mountain-top detri tus. 

I:~::::{{:~I Mass-moved mountain top detritus . 

~ Former ice sheet . 

Fi~ure 4.26. Scnematic dia~am of trimline and trimzone 
formation by the advance and retreat of the last ice 
sheet (see text: Hypotnesis 3). 
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During the Dimlington Stadial, the last ice sheet would 

have removed mountain-top detritus and frost-weathered 

bedrock below a certain level as it advanced to its maximum 

extent. Summits not covered by the ice sheet were then 

presumably subject to further intense periglacial frost 

shattering at this time, resulting in the formation of 

thick, in~ mountain-top detritus above the level of the 

ice-sheet surface. Subsequently, ice-sheet downwastage is 

likely to have been aocompanied by downslope movement of 

mountain-top detritus. As noted above, the Wester Ross 

Readvance (and any earlier ice-sheet readvances) seem 

unlikely to have resulted in trimline formation. Further 

downs!ope movement of mountain-top detritus occurred during 

the Loch Lomond Stadial. 

The more limited lateral extent of the last ice sheet 

indicated by recent findings (see Chapter 2) lends support 

to this hypothesis, as it introduces the possibility that 

many mountain summits in the study area may not have been 

glaciated by the last ice sheet and a thick cover of 

mountain-top detritus may have been preserved ~ ~ on 

such mountain summits. 

4.4.4. Hypothesis 4: Interpretation of the older trimzone 

in terms of preservation of in ~ mountain-top detritus 

beneath oold-based glacier ice. 

Sugden and Watts (1977) suggested that relict lA ~ 

blockfields on plateau summits in eastern Canada may have 

been preserved beneath ice that was oold based, frozen to 

its bed, and as a result inoapable of active erosion (see 
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section 4.2.2.~bove). This nypothesis may also apply for 

the preservation of thick 1A ~ mountain-top detritus on 

mountain summits in northern Scotland since shallow 

cold-based ice caps may have developed on mountain summits 

during the Dimlington Stadial, whilst active warm-based ice 

streams occupied tne intervening valleys. According to 

this hypothesis, high-level erratics incorporated in 

mountain-top detritus on some summits may have been 

deposited either by an earlier and thicker ice sheet or by 

glacier ice that moved from a warm-based to a cold-based 

regime as it ascended out of a trough on to a plateau. 

However, it seems unlikely that the basal thermal regime of 

the last ice sheet would have remained stable throughout 

the period of ice build-up and decay. Moreover, the very 

abrupt change from ice-scoured bedrock to i.n. ~ 

mountain-top detritus that is recorded on several mountains 

(e.g. Beinn a'Ch~sgein M6r; Plate 4.5; Figure 4.11) is 

difficult to account for in terms of a fluctuating boundary 

between warm-based ice streams and COld-based mountain-top 

glacier ice. 

A variation of this hypothesis is that mountain 

summits may have been covered by thin, independent, 

cold-based ice caps that were largely static (Figure 4.27). 

According to this hypothesis, high-level erratics would 

have been emplaced by a thick ice sheet that covered most 

summits prior to the Diml ington Stadial. This ice sheet 

would have subsequently downwasted, allowing thick, ~ ~ 

mountain-top detritus to develop. Thin cold-based ice caps 

may have developed on those mountain summits not covered by 

the last ice sheet whilst trimlines may have been formed by 
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a. Ice sheet covers all mountain summit s, depositing 
high-level erra tics prior to formation of i ce caps 

b. Ice sheet downwastes and mou ntain-top detritus deve lops . 

c. Warm- based ice streams occupy the trough s and val ley s a nd 
thin co l d-based ice ca p s develop on mountain summit whe re ~ ~ 
mountain-top detritus has already developed . Trimline de velops above 
surface of wa rm based ice streams . 

. ~ ~./ Tri ml ! n. 
!at . . ... .. ".,., 

e . Subsequent ice sheet readvances : no trimline or ice ca p 
de velopme nt. 

f . Prese nt situation on mountains in the study area fol lowing 
downslope movement of mountai n-top de tri tus dur ing the Loch 
Lomond Stadial. 

In situ mountain-top det ritus . 

~~\~tJ Mass-mo ved mountain top detrit us. 

~ Forme r i ce s heet. 

~ Mounta i n-top ice caps 

Figure 4.21. Schematic diagram of trimline and trimzone 
formation by warm-based ice streams, whilst tnin 
cold-based ice caps developed on mountain summits (see 
text: Hypothesis 4). 
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warm-based ice streams that occupied the corries and major 

troughS. Downslope movement of mountain-top detritus would 

tben have occurred during ice-sheet wastage and the Loch 

Lomond Stadial forming trimzones. 

4.4.3. Discussion. 

Until more is known about the sequence, timing and 

extent of glacial events during the Dimlington Stadial in 

nortbern Scotland, tbe above hypotheses of trimzone 

development remain speculative. Nevertbeless, despite the 

fact tbat the rates and precise processes of periglacial 

frost-shattering operating in the past are unknown, it is 

evident that a prolonged time period of intense frost 

sbattering under severe periglacial conditions is required 

for tbe formation of thick in ~ mountain-top detritus, 

as on many lithologies frost weathering has bad only 

limited effect since ice-sheet downwastage. For example, 

striae occur on ice-scoured outcrops of Torridon Sandstone 

on Heall Garbb, An Teallach, up to an altitude of ~.600m 

outside tbe limits of Loch Lomond Readvance glaciers. This 

contrasts markedly with thick in ~ mountain-top detritus 

that occurs above ~.730m on this mountain. 

effect of Locb Lomond Stadial age frost 

The predominant 

weatbering on 

ice-scoured Torridon Sandstone outcrops was to open up 

joints (Ballantyne, 1982), rather than to create a cover of 

frost-weathered detritus. 

of ice-scoured bedrock 

Tbe existence of extensive areas 

in areas outside Loch Lomond 

Readvance ice limits, and immediately downslope of areas of 

thick mountain-top detritus, indicates that tbe effects of 

Lateglacial frost shattering on some lithologies were 
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extremely limited. Furthermore, the preservation of 

finely-detailed evidence of glacial abrasion, including 

striae, friction cracks and chatter-marks on some 

ice-scoured rock surfaces outside Loch Lomond Readvance ice 

limits indicates that extremely little modification of some 

rock surfaces took place after the ice sheet downwasted and 

during the Loch Lomond Stadial. 

The effects of frost weathering on high-level rock 

surfaces in the period since ice-sheet deglaciation, 

however, vary greatly from one rock type to another. The 

response of the major lithologies in the study area was 

examined by noting in the field the condition of rock 

surfaces that had certainly been over-ridden by the last 

ice sheet, yet had escaped glaciation during the Loch 

Lomond Readvance. The results of these observations are 

summarised in Table 4.2. Three main effects were observed. 

First, well-jointed rocks, such as Cambrian Quartzite 

(particularly fine-grained quartzite), MOine Granulite and 

possibly Carn Chuinneag Granite have looally formed 

blockfields on higher ground since ice-sheet deglaciation, 

thOugh on lower ground ice-scoured outcrops have been 

little affected by frost shattering. Second, rocks with 

pronounced foliation (Moine schists and gneisses, and some 

areas of Lewisian Gneiss) have locally developed shallow 

inCipient 'type 3' detritus (cf. the classifioation of 

Ballantyne, 1984; Figure 3.6), but in other areas form 

extensive ioe-scoured outcrops, even on high ground, that 

exhibit little modification by frost since ice-sheet 

deglaciation. Finally, Torridon Sandstone exhibits little 

response to Lateglaoial frost shattering, apart from the 
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Li~holoqy 

cambrian Quartzite 

Effects o f frost-weathering 
on highest s ummits . 

formation of deep in situ 
blockfields, predo;In~y 
type 1 regolith . Mass-movement 
of mountain-top detritus 
forming blocks lopes 

Torridon Sandstone formation of a deep mantle of 
in situ Type 2 frost-weathered 
regolith (e.g. An Teallach). 
Blockfields and blockslopes 
develop on some mountains 
(e . g. Ruadh Stac M or) . 

Lewisia n Gneiss 

Moine Schist 

Moine Granulite 

Carn Chuinneag 
Granite 

formation of a deep cover of 
Type 3 in ~ frost-weathered 
regolith . 

formation of ~ situ Type 3 
regolith. 

Blockfield and blocks lope 
formation, possibly during 
ice sheet downwastage. 

lE ~ blockfield and 
blocks lope forma t ion . 

Effects of frost-weathering 
since ice-sheet deglaciation . 

Blocktield development in s ome 
locations. Slgnifican~ downs lope 
movement of mountain-top detritus 
in some locations (e.g. An 
Teallach ). Ice-scoured rock 
surfaces below c.500m little 
modified by frost-shattering . 

Joints widened on ice-scoured 
rock surfaces . No moun ain-top 
detritus formatio n. 

Shallow incipient mountain-top 
detritus developed on some lower 
mountain summits . Ice-scoured 
rock surfaces little affected 
by frost-weathering . 

Shallow inCipient mountain-top 
detritus developed on lower 
mountain summits as a result of 
limited frost-weathering. 

Blockfields and blockslopes 
probably formed during the 
Lateglacial period. 

Blockfields and b locks lopes may 
have developed during the 
Lateglaclal period. 

Table 4.2. Lithological response to Late 
frost shattering in northern Ross-shire. 

Devensian 
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widening of JOints on higher ground reported by Ballantyne 

(1982); even at altitudes of over 600m the ice-scoured rock 

surfaces are often freshly scoured and striated, with 

little evidence of the formation of 

mountain-top detritus. 

even incipient 

The limited effects of frost shattering on ice-scoured 

rock surfaces suggests that a prolonged time period 

(probably considerably longer than the ~.1000 years or less 

of the Loch Lomond Stadial) of intense frost shattering 

under severe periglacial conditions is required for the 

formation of thick 1A ~ mountain-top detritus on many 

lithologies. This has significant implications for the 

timing of trimline development during the Late Devensian, 

and reinforces the possibility that on most lithologies 

thick ~ ~ mountain-top detritus is unlikely to have 

developed since ice-sheet deglaoiation. This in turn 

suggests tnat the time whioh elapsed between the ice sheet 

reaching its maximum extent and any subsequent readvance 

may well have been too limited (on some lithologies at 

least) to have permitted the development of mature 

mountain-top detritus. This was certainly the case with 

tne Wester Ross Readvance, outside of which lies 

ice-moulded Torridon Sandstone Virtually unaffected by 

frost action (see section 4.4.1. above). Indeed, the 

limited frost weathering evident on many rock surfaces that 

were exposed to severe periglacial oonditions during 

ioe-sheet downwastage and the later Loch Lomond Stadial 

suggests that at least a few millenia of severe periglacial 

conditions may have been required to produce a cover of 

thick ~ ~ frost-weathered detritus on rocks reSistant 

164 



to macrogelivation, such as Torr1don Sandstone. This 

consideration severely limits the possibility that the 

older trimzone represents the upper surface of an ice mass 

at the maximum of a readvance that interrupted overall 

ice-sheet deglaciation (hypotheses 1 and 2 above), unless a 

very long time period separated the period of maximum 

ice-sheet development and the later readvance. For 

example, in terms of hypotheses 1 and 2 above, the last ice 

sheet is envisaged to have covered all mountain summits 

during the Dimlington Stadial. If this were the case the 

ice sheet must have dowowasted exposing mountain summits to 

intense periglacial frost-shattering well before the 

readvance which formed the older trimline. The above 

considerations also suggest that if cold-based ice caps 

developed on mountain summits during the Devensian then 

thick, ~~ mountain-top detritus must have developed 

over a considerable time period prior to the formation of 

these ice caps. In the light of the arguments outlined 

abOve, the most plausible hypothesis to explain the 

development of the older trimline therefore appears to be 

that mountain summits were exposed to intense frost 

sttattering both before and throughout the Dimlington 

Stadial above the level of the surface of the last ice 

sheet, since according to this hypothesis, mountain summits 

above the altitude of the older trimline have been exposed 

to intense periglacial frost-shattering under severe 

climatiC conditions for several millenia during the Late 

Devensian or longer. 

165 



~ S"mmary 

A distinct periglacial trimzone, consisting of a zone 

of mass-moved mountain-top detritus that separates 

ice-scoured bedrock from ~~ mountain-top detritus may 

be identified on many mountains in the study area, well 

above the level of glaciers that developed during the Loch 

Lomond Stadial. This trimzone is thought to represent 

modification of a trimline that was formed when the last 

ice sheet advanced and removed pre-existing mountain-top 

detritus and frost-weathered bedrock below a certain 

altitude. The definition of trimlines and trimzones on 

mountains in the study area is complicated by subsequent 

downslope movement of mountain-top detritus that probably 

occurred during downwastage of the last ice sheet and the 

Loch Lomond Stadial. Several hypotheses have been 

suggested to explain the chronology of trimline and 

trimzone development. HypotheSiS 1, that trimline 

formation was associated with the Wester Ross Readvance, 

may reasonably be rejected on the grounds that thick 

mountain-top detritus did not develop outside the limits of 

the Wester Ross Readvance on some lithologies. Both 

hypotheses 2 and 4, that trimline formation was either 

associated with an ice advance pre-dating the Wester Ross 

Readvance, or that cold-based ice caps developed on 

mountain tops whilst warm-based ice streams occupied the 

corries and major troughs, appear unlikely, though these 

hypotheses cannot be ruled out entirely on geomorphological 

evidence alone. The most plausible explanation is 

hypothesis 3, namely that a trimline developed as the last 

ice sheet advanced to its maximum extent, implying that 
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mountain summits above the level of the older trimline were 

exposed to periglacial 

D1mlington Stadial or 

frost shattering throughout the 

longer. Tbe concept that jA ~ 

mountain-top detritus indicates those areas that were not 

covered by the last ice sheet is further examined in 

Chapter 5, where the results of an independent test of the 

trimzone hypothesis are outlined. 
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CHAPTER .5J... ~ significance ~ inherited 

characteristics 1A Scottish mOuntain ~ soils ~ regolith 

~ Introduction 

A critical test of the trimzone concept and, in 

particular, the hypotheses proposed in the previous chapter 

regarding the significanoe of the older trimzone on 

mountains in the study area, involves establishing the age 

of the thick in ~ mountain-top detritus that has 

developed on mountain summits above the level of the older 

trimzone. The most direct method of establishing the age 

of mountain-top periglacial features has involved 

radiocarbon dating and pollen analysis of organic material 

buried under periglaoial deposits. However, radiooarbon 

dating of organic material buried beneath solifluction 

deposits in the Cairngorms, on Ben Arkle in Sutherland and 

in the Fannich Mountains has, hitherto, yielded only 

Holooene ages (Sugden, 1971; Mottershead, 1978; Ballantyne, 

1986b) and no organic material of Late Devensian or greater 

age has yet been recovered from under upland periglacial 

deposits. Moreover, this teohnique can only be employed to 

date the downslope movement of periglacial debriS, not the 

age of formation of ~~ mountain-top detritus. Several 

authors have suggested l however, that soils in Scotland, 

including those that occur on mountain summits, contain 

inherited characteristics that relate to pre-Holocene or 

pre-Late Devensian weathering periods (e.g. Stevens and 

Wilson, 1970; Wilson and Tait, 1976; Wilson and Brown, 

1976; Bain, 1977; Wllsonll.a.l.., 1984; Wllson, 1985, 1986). 
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The research reported in this chapter aims to identify 

such supposed 'inherited' characteristics in sOils that 

have developed on mountain summits in the study area, and 

to assess whether such characteristics are useful for the 

relative dating of mountain-top soils and regolith. 

Clearly, if soil characteristics indicative of a very long 

period of formation occur only in mountain-top soils above 

the level of the older trimzone, this will lend support to 

the hypothesis that some mountain summits were exposed to 

weathering and pedogenesis for a considerable time period 

above the level of the surface of the last ice sheet (cf. 

Hypothesis 3 in the previous chapter). This chapter falls 

into five sections: first, the aims and initial hypotheses 

of this study of soil development will be considered; 

second, the sampling strategy adopted will be discussed; 

third, the nature and variability of soils that have 

developed on mountain summits will be outlinedj fourth, the 

results of chemical analysis of mountain-top soils will be 

presented; and finally, the results of analyses of the clay 

mineral assemblages that occur in soil parent materials on 

mountain summits will be discussed. 

~ ~~ initial hypotheses 

5.2.1. The weathering history of Scottish soils 

During the pre-glacial Cenozoic the hot, humid climate 

of the Hiocene and Early Pliocene and the humid-temperate 

environment of the Late Pliocene and Early Pleistocene led 

to tne formation of saprolites in tectonically-stable parts 

of lowland Scotland (Fitzpatrick, 1965; Hall, 1984, 1985, 
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1986a, 1986b; ~1lson, 1985). Decomposition of feldspars 

and ferromagnesian minerals during the Miocene and Early 

Pliocene produced a clayey gruss, dominated by a distinct 

kaolinite-illite clay mineral assemblage, in parts of 

north-east Scotland (Koppi and FitzPatrick, 1980; Hall, 

1983, 1985, 1986a, 1986b; Hall and Sugden, 1987) • Hore 

widespread in this area, however, is a sandy gruss, 

characterised by an abundance of little-altered primary 

minerals, a low fines content and a relatively immature 

clay mineral assemblage. This sandy gruss is thought to 

represent the product of prolonged weathering under humid 

temperate conditions during the Late Pliocene and Early 

Pleistocene (Hall, 1984, 1985, 1986a, 1986b). 

Much of this pre-glacial weathering cover was, 

however, removed by glacial erosion during the Quaternary 

(cf. Hall and Sugden, 1987), though pre-glacial weathering 

products are thought to be incorporated both within tills 

(Hall, 1985) and within present-day soil profiles in 

Scotland (e.g. Sain, 1970; Stevens and Wilson, 1970; 

Wilson, 1973; Wilson and Brown, 1976), and remnants of the 

pre-glacial weathering cover remain in ~ in certain 

locations that experienced limited ice-sheet erosion (Hall, 

1983, 1985, 1986a, 1986b; Hall and Sugden, 1987). The 

ineffectiveness of Pleistocene glacial erosion in removing 

the thick, pre-glacial saprolites in parts of north-east 

Scotland has led to the suggestion that much of the area 

was covered by " ••• a succession of cold-based ice sheets 

that have done little to modify Neogene landsurfaces" 

(Hall, 1985, p.394). Hall and Sugden (1987) suggested that 

in parts of north-east Scotland, a pre-glacial weathering 
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cover may have remained unscathed beneath cold-based ice, 

wnile elsewhere warm-based ice streams removed pre-glacial 

weathered rock. 

The nature and extent of regolith and soil development 

during the Quaternary glacial and interglacial phases is, 

as yet, unknown. 

summits) may 

Several areas (including certain mountain 

have remained unglaciated during the 

Dimlington Stadial and, as a result, may have been subject 

to intense periglacial weathering under severe climatic 

conditions at this time, resulting in the formation of 

periglacial frost-weathered detritus (see Chapter 4). 

Conversely, during interglacial and interstadial periods, 

temperatures may have been warm enough to allow soil 

formation under conditions similar to those of the present 

day. The relatively short duration 

interglacials (10 to 30 ka. B.P.; Bowen, 

even shorter duration of the Devensian 

of previous 

1~8) a~ the 

interstadials, 

however, indicates that the formation of ~ weathering 

profiles such as those of north-east Scotland is likely to 

have occurred only prior to the glacial Pleistocene (Hall, 

1985). 

Soils on mountain summits in the study area may be 

considered to be relict palaeosols, that is soils that have 

remained ~~ through at least two soil-forming episodes 

(Rose ~ ~., 1985). In areas outside Loch Lomond 

Readvance glacier limits, for example, mountain-top soils 

have been exposed to weathering and pedogenesis throughout 

at least the Lateglaoial Interstadial, the Loch Lomond 

Stadial and the Holocene. If mountain summits formed 

nunataks above the surface of the last ice sheet, then 
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soils on these mountain summits may have initially 

developed prior to the Late Devensian (cf. Chapter 4), 

though such soils are likely to have been considerably 

modified by intense periglacial activity during the 

Dimlington Stadial. Pedogenesis on mountain summits in 

northern Scotland during the Lateglacial Interstadial was 

probably under conditions fairly similar to those that 

occur at present since temperatures in southern Scotland 

for the early interstadial were close to those of the 

present day (cf. Bishop and Coope, 1977). During the Loch 

Lomond Stadial, mountain-top soils on higher mountain 

summits would again have been affected by intense 

periglacial processes, probably resulting in cryogenic 

redistribution of soil constituents throughout the soil 

profile. Incipient periglacial detritus, whiCh occurs on 

summits underlain by certain some lower mountain 

lithologies, probably 

Holocene weathering 

developed at this time (Table 4.2). 

processes to been 

relatively slow in immature upland soils and primary 

minerals are often largely unaltered (Bain, 1977; Wilson, 

1985). 

5.2.2. Testing the 'nunatak hypothesis'. 

Several authors have noted the presence in Scottish 

soils of clay minerals that are thought to have been 

derived from weathering under warm climatic conditions 

prior to the Late Devensian (cf. Wilson, 1985). These 

clay minerals are thought to remain in present soil 

profiles as 'inherited' characteristics, little altered by 

subsequent pedogenesis. For example, Stevens and Wilson 
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(1970, p.521) suggested that small amounts of kaolinite 

found in soils on the Ben Lawers Massif, Perthshire, are 

" ••• rather surprising if they are interpreted as being 

entirely postglacial in age." Wilson and Tait (1976, p.66) 

stated that halloysite found in soils in north-east 

Scotland " ••• formed as a result of pre-glacial or 

interglacial weathering under a warm humid climate, and 

later became incorporated into glacial till." Gibbsite 

found in soils in toe Southern Uplands was thought to have 

formed in " ••• pre-glacial and possibly interglacial times" 

(Wilson and Brown, 1976, p.521). Finally, Bain (1977, 

p.162) suggested that it was likely that small amounts of 

kaolinite that occur in soils from as far apart as 

Argyllshire, Caithness and the Southern Uplands 

" ••• originally formed in pre-glacial or interglacial times 

under different conditions from those prevailing at 

present, and later became incorporated into the parent 

materials by glacial processes." Furthermore, Wilson (1986) 

suggested that there is no evidence that kaolinite, 

halloysite and gibbsite are currently forming in Scottish 

soils, though this possibility cannot be ruled out 

entirely. 

The main aims of the research reported in this chapter 

are, first, to attempt to identify supposed 'inherited' 

characteristics in soils developed on frost-shattered and 

ice-scoured mountain summits in the study area and, second, 

to assess whether such characteristics are useful for the 

relative dating of mountain-top sOils and regolith and thus 

the interpretation of the older trimzone. The main 

hypotheses to be tested in this chapter may be stated as 
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follows. 

1. If the last Scottish ice sheet did not cover all 

mountain summits within the study area, then soils of those 

that remained unglacierised should exhibit characteristics 

inherited from pre-Late Devensian weathering and 

pedogenesis. 

2. Soil characteristics inherited from pre-Late Devensian 

weathering periods should be absent from mountain summits 

that were affected by scouring and abrasion beneath the 

last ice sheet, since soils retaining such characteristics 

are likely to have been completely removed by glacial 

erosion. 

5......3..a. ~ sampl iDi 

Sampling was mainly carried out on soils of the Arkaig 

association developed on Moine schists, since previous 

investigations nave identified 'inherited' characteristics 

in soils developed on similar schistose rocks elsewhere on 

Scottish mountains (e.g. Stevens and Wilson, 1970; Wilson 

and Tait, 1977). Soils developed on other lithologies 

including Torridon sandstone, Devonian conglomerates and 

Carn Chuinneag granite were also sampled for comparative 

purposes. 

Three categories of weathering development may be 

distinguished on schistose mountains in the east of the 

study area. The first type consists of mountain summits 

that have been affected by marked periglacial weathering 

resulting in the formation of thick ~ ~ mountain-top 
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detritus. The second type comprises those mountain summits 

that have been affected by glacial erosion beneath the last 

ice sheet and support ice-moulded and ice-scoured bedrock 

outcrops witn little development of weathered regolith. 

The third type consists of 'intermediate' mountain summits 

that have been affected by limited Lateglacial frost action 

that produced incipient shallow mountain-top detritus. 

Well-drained sampling sites on mountain summits were 

selected for soil sampling. One or two soil pits were 

excavated in randomly selected locations, usually ~.5m from 

the summit cairn. On two mountain summits, Beinn Liatb 

Mh6r a'Ghiubbais Li (a frost-shattered summit at 776m) and 

Beinn Liatb Bheag (a summit supporting incipient 

mountain-top detritus at 665m) sample profiles were 

examined at 10m intervals to the nortb, soutb, east and 

west of the summit cairns in order to assess the 

variability of soil profiles across mountain summits. Soil 

sampling locations are recorded in Figure 5.1. 

Soil pits were excavated as deeply as possible, though 

it was frequently difficult to establish whether unaltered 

bedrock had been reached because of large clasts (>50cm in 

length) in the soil pits. Deptb and tbickness of soil 

horizons were identified from colour changes witbin the 

soil profile. Soil samples for chemical and clay mineral 

analysis were taken from the base of C horizons and, in 

some cases, additional samples were taken from B horizons 

for comparative purposes. Where C horizons could not be 

identified, samples were taken from as low down in the B or 

A/B horizon as possible. 
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~ ~ Profile descriptions 

Soils in Scotland have been classified by the Scottish 

Soil Survey (1984) according to the major soil-forming 

processes. Soils on mountain summits in the study area 

generally consist of two major soil divisions, immature 

soils and leached soils (Table 5.1). These are further 

subdivided into four major soil groups and several 

subgroups. The major mountain-top soil types examined as 

part of this study are described below. The definition of 

soil types and horizon nomenclature follows that of the 

Scottish SOil Survey (1984; Table 5.2). 

5.4.1. Immature Soils. 

Immature soils are characterised by indistinct or 

weakly-developed horizons that are generally restricted to 

surface organic horizons or A horizons directly overlying 

little-altered parent material or rock. This division may 

be further subdivided into three major soil groups (Table 

5.1) 

5.4.1.1. Lithosols. 

These are soils that are restricted in depth and 

overlie continuous and unweathered rock at depths between 

10cm and 20 cm below the surface. Only an H, 0 or A 

horizon is likely to be present above bedrock. Thin 

lithosols have characteristically developed in areas of 

ice-scoured rock outcrops. For example, near the 

ice-scoured summit of Meall Garbh, An Teallach (610m, NH 
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Divis ion Major soil group Ma jo r 5011 s ubg roup 

1- Immature soil s 1.1 Lithosols . Un dif ferentiated 11 thosols 

1. 2 Regosols No ncal careous regosols 

1.3 Rankers 1.3 . 1. Brown Rankers . 

1. 3 . 2 . Podzol i c Rankers 

1. 3.3. Gleyed Rankers 

1. 3.4. Pea ty Rankers . 

2. Leached soils 2 . 1 Podzo l s 2.1.1. Suba l pine podzol s 

2 . 1. 2 . Al pine podzols 

Table 5.1. Classification of mountain-top soils in the 
study area (Based on Futty ~~. I 1982). 



Master Horizon Description. Horizon 

L Fresh annual litter, normally loose, original 
plant structures obvious. 

F Decomposing litter, only some of plant structures 
obvious. 

H Well decomposed organic matter, formed under 
aerobic conditions (mor humus) . Plant Structures not 
visible. May be mixed with some mineral matter. 

0 Peaty matter formed under wet anaerobic conditions 

A Mineral horizon formed at or near the surface that 
shows an accumulation and incorporation of organic 
matter, or which has the morphology acquired by 
soil formation but lacks the properties of an E or 
8 horizon. 

E Eluvial horizon underlying an H, o or A horizon, 
from which it can normally be differentiated by a 
lower content of organic matter and lighter 
colour, particularly when dry. Usually shows a 
concentration of silt snd sand fractions with a 
large component of resistant minerals resulting 
from the loss of clay, iron or aluminium. 

8 Mineral horizon in which there is little or no 
obvious rock structure and having one or both of 
the following: 
l. Alteration of the original material involving 
solution and removal of carbonates; formation, 
liberation or residual accumulation of silicate 
clays or oxides; formation of granular, crumby, 
blocky or prismatic peds; or (normally) some 
combination of these. 
2. Illuvial concentration of silicate clay or 
iron, aluminium or humus. 

C Mineral layer of unconsolidated material from 
which the solum is presumed to have formed. 

R Underlying unconsolidated bedrock sufficiently 
coherent when moist to make hand digging with a 
spade impractible. 

f Master Horizon containing partially decomposed 
plant matter. 

s Master horizon enriched with sesquioxides. 
h Master horizon that shows evidence of organic 

matter 

Table 5.2. Horizon nomenclature for soils developed on 
mountain summits in tne study area (Based on Futty ~ 
~. I 1982). 
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080 866), thin llthosols ~.'0-'5cm in depth have developed 

in sandy material that has accumulated directly over 

bedrock (Figure 5.2). However, the limited nature of 

profile development associated with immature lithosols 

indicates that these soils are of recent origin. As a 

result, lithosols were not systematically investigated as 

part of this study, as there is no reason to suspect that 

such soils are pre-Late Devensian in age. 

5.4.1.2. Regosols. 

Regosols have a thin or weakly-developed A or Ale 

horizon that rests directly on unmodified unconsolidated 

material such as windblown sand and frost-weathered 

detritus. By contrast with lithosols, regosols have 

developed on some mountain summits that support 

unconsolidated ~ ~ mountain-top detritus (cf. 

3.6). For example regosols have developed on 

thick, 

Figure 

Type 3 

regolith near the summits of Beinn Liath Mhor Fannaich and 

Beinn Liath Mhor a'Ghiubhais Li (Figure 5.2). These soils 

contain large flat-lying surface and near-surface clasts 

that overlie tightly-packed angular stones set in a sandy 

matrix. Regolith depth is variable and depth of excavation 

is highly dependent on the size of clasts in the soil 

matrix. Extensive digging can reveal profiles at least 

~.70cm in depth, though it is difficult to reach jA ~ 

bedrock at tne base of pits of this depth. Thin organic 

horizons, usually <5cm in depth, may occur in the upper 

part of such profiles. On An Teallacn, where type 2 

regolith has developed, regosols contain angular clasts in 

a sandy matrix. Exposed clasts are frequently rounded, 
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Figure 5.2. Lithosols and regosols developed on 
mountain summits in the s tudy area. Num ber s ref er to 
Munsell col ours of selected soil norizons. (Deptns i n 
cm). 



implying long-term stability of the soil profile. Wind 

action has removed the fines from the surface horizon 

leaving a thin cover of lag gravels. Vegetation is sparse 

and poorly developed. 

5.4.1.3. Hankers. 

Hankers have also developed on noncalcareous rock or 

unconsolidated rubble derived from such rock, but exhibit 

greater profile development than regosols and oontain an 0 

horizon up to ~.10cm thick and an A horizon. Incipient E 

and B horizons may also be present. Hankers are widespread 

and occur on many mountain summits in the study area, and 

may be subdivided into four different subgroups, as 

follows: 

1. Brown rankers contain a brown or dark brown A horizon. 

Many soil profiles investigated as part of this study may 

be classified as brown rankers. Characteristioally, the 

profile consists of a thin, usually <10cm thick, 0 or A 

horizon that overlies an A/B or inoipient B horizon (Plate 

5.1). There is usually a clear transition from the A/B or 

B horizon to the C horizon in the lower part of the soil 

profile. Brown rankers have developed on both 

frost-shattered and ice-scoured mountain summits. (e.g. 

Beinn Liath Mh6r a'Ghiubhais Li, frost-shattered, Figure 

5.3aj Meall Mtr, incipient mountain-top detritus, Figure 

5.3cj Meall Breac, ice-scoured, Figure 5.3d). 

2. Podzolic rankers contain a raw humus surface horizon 

and an incipient grey or dark grey E horizon. Several soil 

profiles inspected in the study area may be classified as 
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Plate 5.1. Brown ranker soil ~.50cm thick developed on 
tne ice-scoureo summit of An Cabar (558m, NH 258 641). 
A thin surface organic horizon overlies a sandy and 
stony Ale norizon. Intact bedrock occurs at tne case of 
tnis profile. 
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podzolic rankers on the basis of the presence of an E 

horizon and incipient B horizon. For example, on Beinn 

Liath MOor Fannaich a podzolic ranker comprises thin 0 and 

A horizons that overlie a discontinuous E horizon ~.2-3cm 

thick, an incipient B horizon 23cm thick and a distinct C 

horizon (Figure 5.3f). Podzolic rankers have also 

developed on incipient mountain-top detritus. For example, 

on Beinn Liath Bheag a soil profile that comprises a thin E 

horizon overlying a thick A/B horizon may be classified as 

a podzolic ranker (Figure 5.3g). 

Gleyed rankers contain a gleyed horizon. Gleyed 

rankers were not systematically investigated as part of 

this study. However, several soil profiles that were 

excavated showed some evidence of gleying. This was 

particularly evident in soil profiles on the summit of 

Beinn Liath Bheag where gleyed profiles have developed in 

incipient mountain-top detritus. These soil profiles 

contain thin 0 and A horizons that overlie A/B horizons 

(e.g. Figure 5.3e). In the lower part of the profile, a 

mottled Bh horizon occurs. Organic matter accumulated 

around tightly-packed stones and an angular rubble derived 

from bedrock weathering at the base of the soil profile 

have inhibited free drainage. 

4. Peaty rankers were identified in several locations 

where they consist of an organic horizon up to 500m thick 

that overlies an A horizon. For example, on Meall MOr peat 

up to 25cm thick overlies a thin, inCipient A/B horizon 

(Figure 5.3b). In the lower part of the soil profile there 

is a distinct, thin C horizon. 
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5.4.2. Leached Soils. 

Leached soils are characterised by a 

uniformly-coloured B horizon, by an absence of free lime 

and by an acid reaction in their A and B horizons (Scottish 

Soil Survey, 1984). Their lower horizons may show some 

evidence of gleying. The principal soil group of the 

leached soils division identified on mountain summits in 

the study area is the podzol group. 

5.4.2.1. Podzols. 

Podzols are soils that have surface 0 or A horizons 

successively underlain by a grey bleached E horizon and a 

more brightly-coloured B horizon. They have a strongly 

acid reaction and contain illuviated sesquioxides of iron 

and aluminium in a Bs horizon. Podzols on mountain summits 

may be subdivided into two differing subgroups, namely 

subalpine and alpine podzols. Subalpine podzols 

characteristically contain a distinct E horizon that is 

often darKened by organic matter (Plate 5.2). A thick and 

dark-coloured Bh horizon, in which small stones may be 

coated with organic matter, may occur beneath the E 

horizon. A thin and discontinuous iron pan may also be 

present. In toe lower part of the soil profile the Bs 

horizon merges with unaltered parent material. Subalpine 

podzols are characteristically developed on higher mountain 

summits that are well vegetated. For example, subalpine 

podzol profiles investigated on the frost-shattered summit 

of Ben Wyvis generally consist of an organic 0 horizon 

merging into an A horizon (Figure 5.4a). The lower layers 
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Plate 5.2. Alpine Podzol 
frost-shattered detritus 
(1046m, NH 463 684). 
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of this horizon may be humified forming an Ah horizon. 

This horizon is underlain by a distinct E horizon, beneath 

which is a discontinuous humified Bh horizon. The lower 

part of the profile consists of a Bs horizon that overlies 

a distinct C horizon. 

Alpine podzols contain either thin L, F or H horizons 

and an underlying E or A horizon, or a surface A horizon 

with bleached sand grains. The Bh horizon is black and 

sometimes thick with small stones stained by colloidal 

humus; the lower part of the horizon often appears less 

organic but retains a dark reddish-brown colour. Alpine 

podzols have developed on mountain summits where vegetation 

cover is thin or poorly developed. For example, on Beinn 

Liath Mh6r Fannaich alpine podzol profiles generally 

consist of shallow 0 and A horizons that overlie thin, 

often discontinuous E horizons (Figure 5.4b). Flat-lying 

clasts may be present on the surface. A Bh horizon may 

occur directly beneath the E horizon. Thin Bs and distinct 

C horizons are found at the base of these profiles. 
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5.4.3. Soil profile variability. 

The majority of soil profiles examined on differing 

lithologies in this study may be classified as regosols, 

rankers and podzols. However, the nature of soil profiles 

developed on different lithologies is highly variable. For 

example, a ranker soil on Cnoc Ceislein (NH 590 711) 

contains numerous rounded, gravel-sized, Old Red sandstone 

clasts, whilst rankers developed on Carn Cnuinneag granite 

more closely resemble those that have formed on Torridon 

sandstone since numerous clasts are embedded in a sandy 

matrix and the surface of the soil is affected by deflation 

(Figure 5.4c, and 5.4d). As noted above, most of the soil 

profiles examined as part of this study were those of the 

Arkaig Soil Association that have developed on Hoine 

scnists. Soil development on this rock type ranges from 

immature lithosols, regosols and rankers, to well-developed 

alpine and subalpine podzols that exhibit clear horizon 

differentiation. 

Even on a single summit area, however, soils of the 

Arkaig Association may show considerable variability, as 

was found through excavation of separate pits on each of 

the summits of Beinn Liath Mh6r a'Ghiubha1s Li and Beinn 

Liath Bheag. The summit area of Beinn Liath Mh6r 

a'Ghiubhais Li has been extensively affected by intense 

periglacial frost action, forming thick lA ~ 

mountain-top detritus. Characteristically, soil profiles 

are weakly podzolic with a stony B horizon beneath either a 

thin organic horizon or flat-lying surface clasts. 

Profiles are highly variable in depth over short distances 
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(Figure 5.5). For example, in a soil pit ~.lm in width 10m 

south of the summit cairn, soil depths of 45cm and 70cm 

were recorded for the south-west and east sides of the hole 

respectively (Profiles BLAG 1 and BLAG 2; Figures 5.5a and 

5.5b). Large clasts (>50cm) also occur in soil profiles on 

this mountain. For example, Profile BLAG 3 was excavated 

beside a clast BOcm in length, 30cm broad and 50cm deep 

(Figure 5.5c). In profile BLAG 6, the steep dip of the 

underlying schists affects tne form of horizon 

differentiation within the soil profile (Figure 5.5d). 

The summit of Beinn Liath Bheag (665m) has been 

affected by limited frost action that has resulted 1n the 

formation of shallow incipient mountain-top detritus. S011 

profiles on this summit are highly variable and include 

brown rankers, gleyed rankers and podzolic rankers. 

Incipient B 

5.6). Soil 

horizons are present in most profiles (Figure 

profiles that may be classified as Brown 

Hankers include profiles BLB 17/18 and BLB 19/20 (Figures 

5.6a and 5.6b). Profile BLB 17/18, located on a 2_3° slope 

some 30m west of tne summit cairn, consists of a thin 0 

horizon overlying a 10cm thick A horizon, an A/B horizon 

between 20cm and 30cm thick and a distinot yellow/brown C 

horizon. Boulders are absent from this profile. Profile 

BLB 19/20 is located on a 2-3°slope 40m west of the summit 

cairn and also consists of an A horizon (10om thick), an 

A/B horizon (20cm thick) and a C horizon at the base of the 

profile. 
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Several profiles on Beinn Liath Bheag exhibit evidence 

of localized gleying that has resulted in the accumulation 

of organic matter in the lower part of the soil profile 

(Figures 5.6c and 5.6d). For example, profile BLB 1/2, 

located 10m north of the summit oairn, comprises an organic 

o horizon overlying an A horizon and a dark reddish brown 

A/B horizon. Large clasts are embedded in the soil matrix 

and it is not certain whether bedrock was reached at the 

base of the pit. Organic material occurs at the base of 

this profile indicating local gleying as a result of 

impeded drainage. The upper parts of profile BLB 3/4, 

located 10m south of the summit cairn, have developed in 

fines that have collected in the lee of a large clast as a 

result of wind deposition. This profile is also gleyed, 

organic material having accumulated in the lower part of 

the B horizon. 

Weakly podzolic rankers also occur on the summit of 

Beinn Liath Bheag, where thin Ae horizons ocour beneath 

surface 0 horizons. For example profile BLB 11/12, located 

20m east of the summit oairn, may be classified as a 

podzolic ranker (Figure 5.6e). 

The stone content of soils on the summit of Beinn 

Liath Bheag is highly variable and takes various forms. In 

some soils, suoh as gleyed rankers, clasts are 

tightly-packed together near the base of the profile whilst 

in others the attitude of the clasts strongly refleots the 

steep dip of the underlying foliated schists (e.g. Figure 

5.6e). 
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5.4.5. Discussion. 

The predominant soil groups identified on mountain 

summits in the study area are 11thosols, regosols, rankers 

and alpine and subalpine podzols. Thin lithosols have 

developed on ice-scoured rock surfaces and regosols occur 

on frost-shattered mountain summits. Hankers occur on both 

ice-scoured frost-shattered mountain summits. 

Well-developed alpine and subalpine podzols have developed 

in favourable areas on higher frost-shattered mountain 

summits. Soil profile thicknesses vary greatly over 

relatively short distances on mountain summits. 

Frost-shattered, intermediate and ice-scoured mountains 

underlain by Moine schists support ranker soils of very 

similar morphological characteristics, which appears to 

confirm that norizon development post-dates the downwastage 

of the last ice sheet. 

~ Total element analysis 2t ~ k horizons 

5.5.1. Introduction. 

The total element analysis of soil C horizons was 

designed to determine whether the C horizons of soils on 

frost-shattered summits are relatively depleted or enriched 

in terms of major elements when compared with those of 

soils on ice-scoured summits and summits that support 

incipient mountain-top detritus (intermediate summits). 

The major elements (aluminium, manganese, magneSium, iron, 

potaSSium, sodium and calcium) in soil C horizons were 

evaluated using a nitric acid - hydrogen peroxide method of 
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total element analysis (Krishnamurty ~ Al., 1976). This 

method determines the total amounts of an element 1n a 

particular soil sample contained in both the soil mineral 

matter and in its redistributed state within the soil 

profile. The method is considered to provide a more 

vigorous extraction of major elements than methods used for 

measuring cation exchange capacity, yet gives a less 

vigorous reaction than methods used to assess the total 

element content of rock samples (McAlister and Hirons, 

1984; Little, 1985). It may, therefore, provide a means of 

establishing differences in the degree of weathering in 

soils, provided that the soil samples are taken from 

stratigraphically-similar positions in the sampled soil 

profiles. 

5.5.2. Methods. 

The extraction of total soil elements was based on the 

wet-digestion procedure established by Krishnamurty ~ Al 

(1976). Samples were initially oven-dried at a temperature 

of 105 0 C. Approximately O. 5g of each sample was then 

slurried with 5ml of deionised water to minimize sample 

splash and to facilitate rapid reaction with acid. 20ml of 

concentrated HN02were added to the slurry in a 250ml 

Philips beaker covered with a watch glass. After two hours 

of digestion at ~.100oC on a hot plate and cooling for 15 

minutes, 6ml of 30% H2 02were added drop by drop to the 

extraction mixture. Heating was continued for another hour 

with intermittent gentle stirring of the beaker. The 

cooled mixture was then filtered using Watman 44 filter 

paper into a volumetric flask. The filtered digestate was 
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diluted with deionised water to either 50ml or 100ml 

depending on the required dilution factor. The 

concentrations of manganese, magnesium, iron, potassium, 

and sodium ions in solution were measured for each sample 

using a Pye-Unicam PU9000 Atomic Absorption 

spectrophotometer by comparison with standard solutions 

containing known amounts of these cations. Conce ntra tions 

of aluminium and calcium ions in solution were measured on 

the spectrophotometer for each sample following the 

addition of 1ml of lanthanum chloride to each sample 

solution. 

The organic content of each 

calculating the weight loss 

igni tion. 

5.5.3. Results. 

sample 

of ~.10g 

5.5.3.1. Soil profile development. 

was assessed by 

of the sample on 

Theoretically, chemical alteration of primary minerals 

as a result of leaching in podzolic soils is generally 

concentrated in the surface horizons and decreases rapidly 

with depth (Douchafour, 1982; Farmer, 1982, 1984; Farmer ~ 

.al.. , 1985; Wilson, 1986). For example, aluminium, 

magnesium, iron and potassium are depleted in the A horizon 

and dark-grey aahy E horizon of 

developed on the frost-shattered 

an alpine podzol 

summit of Ben 

soil 

Wyvis 

relative to the levels of these elements 1n the lower s011 

horizons (Figure 5.7). Higher levels of these elements in 

the underlying dark organic-rich Bh horizon and 
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yellowish-red illuvial Bs horizon may result from either 

illuviation and reprecipitation of the elements (e.g. the 

probable deposition of iron in the Bh horizon; Figure 5.7d) 

or reduced leaching and eluviation from the lower part of 

the soil profile. Organic matter has been removed from the 

o and A horizons in this profile to be redeposited in a 

humic layer immediately below the E horizon (Bh horizon; 

Figure 5.7h). The particularly low values of sodium in the 

E, Bh and Bs horizons of this profile may indicate that 

this cation has been completely leached from much of the 

soil; the relatively high value in the A horizon possibly 

reflects atmospheric deposition (Figure 5.7f). Manganese 

appears to have been largely depleted from the upper soil 

horizons (Figure 5.7b). 

Most soils examined in this study exhibit evidence of 

weak podzolization as a result of leaching and eluviation 

of the upper soil horizons, though the effects of these 

processes may be highly variable. For example, aluminium, 

iron, potassium and oalcium are relatively depleted in the 

upper A horizon of a brown ranker soil developed on the 

frost-shattered summit of Beinn Liath Mhor Fannaich when 

compared with the lower part of the soil profile (Figure 

5.8). However a similar soil profile at another site on 

the summit of Beinn Liath Mhor Fannaich exhibits variations 

in aluminium and iron levels down the soil profile, with 

both of these elements relatively depleted from the middle 

part of the soil profile (Figure 5.9). In both soil 
, 

profiles on Beinn Liath Mhor Fannaich, manganese values are 

consistently highest in the C horizon. The most striking 

feature of a gleyed ranker developed on incipient 
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Figure 5.8. Plots of the variability of the major 
cation content in the norizons of a brown ranker soil on 
the frost-shattered summit of Beinn Liath Mh6r Fallnaich 
(954m, NH 209 724). Letters refer to soil horizons. 
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mountain-top detritus on the summit of Beinn Liath Bheag is 

the large increase in organic matter with depth (Figure 

5.10). Aluminium, iron and potassium levels also show 

relative increases in the C horizon of this soil. 

Although the precise nature of podzol development is 

currently the subject of some debate (cf. Buurman and van 

Reeuwijk, 1984; Farmer, 1984) redistribution of major soil 

cations is thought to be concentrated in the upper parts of 

soil profiles. As a result, C horizons of soil profiles 

developed on mountain summits in the study area may show 

relatively little direct evidence of leaching, 

reprecipitation, eluviation and illuviation. C horizons 

may, therefore, be less affected by present-day pedogenic 

processes than upper soil horizons and as a result are 

likely to provide the most favourable location in the soil 

for the preservation of older, inherited soil 

characteristics. Nevertheless, 

removal of cations from the 

the 

lower 

redeposition and 

horizons of soils 

developed on mountain summits cannot be ruled out entirely. 

For example, the increase in manganese in the C horizons of 

the soil profiles examined above suggests that this cation 

may preferentially accumulate in the lowest part of the 

soil as a result of soil waterlogging, though this increase 

may reflect only depletion of the manganese from the upper 

horizons of the soil (e.g. Figure 5.7b). In addition, 

local site factors including altitude, exposure, drainage 

and lithological variability will also strongly influence 

soil profile development and consequently the cation 

content of soil horizons. 
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5.5.3.2. The total element content of soil C horizons. 

According to the trimzone hypothesis outlined in 

Chapter 4, jA ~ frost-shattered mountain-top detritus 

may have developed on mountain summits that remained 

unglacierised during the Dimlington Stadial. As a result, 

soils on such summits may have been exposed to weathering 

and pedogenesis throughout much of the Devensian and 

possibly much longer. Soils on frost-shattered mountain 

summits in the study area may, therefore, to some extent 

represent ~ ~ remnants of a pre-Late Devensian 

weathering cover. However, soils on ice-scoured mountain 

summits that were covered by the last ice 

outside the former limits of Loch 

sheet, 

Lomond 

but are 

Readvance 

glaciers, have only been exposed to weathering and 

pedogenesis since deglaciation at the end of the Dimlington 

Stadial. The same is true of soils developed on summits 

that support incipient detritus that developed since 

ice-sheet downwastage. The statistical analysis of the 

soil C horizons on frost-shattered summits, ice-scoured 

summits and summits that support incipient mountain-top 

detritus reported below was designed to test whether any 

differences in total element content are attributable to 

different relative ages of soil development. 

Samples from stratigraphically-similar positions in 

visual C horizons of soils developed on Maine schists were 

selected for analysis. 24 samples were obtained from soils 

developed on 7 mountain summits that support in ~ 

frost-sbattered mountain-top detritus; 18 samples were 

collected from soils developed on 8 ice-scoured mountain 
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summits; and 19 samples were taken from soils developed on 

9 mountain summits that support only inoipient mountain-top 

detritus (cf. Appendix 3). Sodium was excluded from this 

analysis because the particularly low values reoorded may 

be associated with detection errors related to the 

sensitivity of the spectrophotometer. 

The range, the medians and the upper and lower 

quartiles of the data obtained from the analysis of the 

elements in C horizons are presented in 

5.12. No clearly-identifiable trends 

Figures 5.11 

attributable 

and 

to 

relative age differences are apparent, and visually there 

is little difference in the spread of the data for the six 

major elements for each of the three types of sampling 

site. Therefore, the sample data were analysed 

statistically using the Hann Witney U test of the 

differences in sample distributions for non-parametric data 

using the MlNITAB statistical package. The three data sets 

were tested against each other for each element in turn. 

No significant trends could be identified for most of the 

major elements examined (Table 5.3). Nevertheless, the 

test indicated that the level of manganese in soil C 

horizons on frost-shattered summits significantly exceeds 

(at the 0.01 level) that in the equivalent horizon on both 

ice-scoured summits and intermediate summits that support 

incipient mountain-top detritus (Table 5.3). The aluminium 

content of soil C horizons on intermediate summits 

supporting only inCipient mountain-top detritus also proved 

to be significantly greater (at the 0.05 level) than that 

in the equivalent horizons on both frost-shattered summits 

and ice-scoured summits. Significantly greater amounts of 
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1. Major e leme nt dat a fo r fros t -shattered summ i ts tes ted against those for 
ice - scou r ed summit s and i n termed ia e summit s. 

Fros t- s hat tered s ummits (Al Al Mn Mq Fe Ca K 

Intermed i a t e s ummi ts (I) 0. 05 0 . 0 1 NS NS NS NS 

I> A A>I 

I ce- s c ou r ed Su mmi ts (S) NS 0.0 1 NS NS NS NS 

A>S 

2. Ma jo r eleme nt dat a for ice- scou red summits tested against those for 
intermdediate s ummit s. 

I ce- s cou r ed Summi ts (5) Al Mn Mq Fe Ca K 

Inte r mediate Summit s (I) 0.05 N5 N5 0.5 0. 1 0. 5 

I >S 1 >5 5>1 1>5 

Table 5.3. Significance levels of major soil elements 
in the Mann-Whitney U test oetween frost-snattered 
summits, ice-scoured summits and intermediate summits 
supporting only incipient mountain-top detritus. 
(Confidence levels; 0.01:99%; 0.05:95%; 0.1:90%; NS: no 
significant difference). 



iron and potassium (at the 0.05 level) also occur in the C 

horizons of soils on intermediate summits supporting 

incipient mountain-top detritus than in the C horizons of 

soils on ice-scoured summits, but significantly lower 

concentrations of calcium occurred in the C horizons of 

intermediate summits when compared with those of 

ice-scoured summits. 

5.5.4. Discussion. 

With the exception of the values for manganese, no 

clear, systematic differences in total element content 

could be detected between C horizons of soils developed on 

frost-shattered summits when compared with those on 

ice-scoured summits or summits supporting incipient 

mountain-top detritus. The observed differences in 

manganese levels identified in the Hann Whitney test are 

probably the result of greater precipitation and 

accumulation of manganese in the lower horizons of soils on 

frost-shattered mountain summits when compared with 

ice-scoured summits and summits that support incipient 

mountain-top detritus. This may be the result of better 

drainage and consequent throughput of cations in soils 

developed on unconsolidated frost-shattered regolith. The 

reasons for the Observed differences in aluminium content 

between frost-shattered summits 

identified above are unclear. 

and intermediate summits 

The differences in 

aluminium, iron, potassium and calcium levels between 

intermediate summits and ice-scoured summits may be 

associated with drainage differences between SOils 

developed on unconsolidated incipient mountain-top detritus 
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on intermediate summits and thinner, less permeable soils 

developed on ice-scoured summits. However, the analysis of 

the major element content of soil parent materials failed 

to deteot any systematio trends that can be unequivooally 

related to relative age differenoes. 

~ ~ mineral0iY ~ ~ k horizona 

Clay minerals suoh as kaolin1te, halloysite and 

gibbsite, all of whioh are thought to have been derived 

from a pre-glaoial or interglaoial weathering oover, have 

been identified in many soil profiles in Sootland (e.g. 

Stevens and Wilson, 1970; Wilson and Tait, 1976; Wilson and 

Brown, 1976; Bain, 1977; Wilson ~ Al., 1984; Wilson, 1985, 

1986) • The aims of the analysis reported below are 

twofold. First, an attempt is made to identify supposed 

'inherited' clay minerals in the C horizons of soils that 

have developed on frost-shattered s~its, ice-sooured 

s~its and s~its that 

detritus in the 

mineral content of 

whether such 

study 

5011 

01 ay 

support inoipient mountain-top 

area. Second, data on the olay 

C horizons is used to assess 

minerals may be useful for 

differentiating between SOils on the three oategories of 

mountain summit in terms of relative age differenoes. 

Soils of the Arkaig Soil Assooiation developed on mountains 

underlain by muscovite-biotite Maine sohists were seleoted 

for investigation, sinoe Wilson (1985, p.238) suggested 

that the clay mineral oomposition of these soils •••• can be 

attributed to the combined effeots of Holocene pedogenesis 

and pra-glacial and interglacial weathering on inherited 

mioaceous material •• 
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5.6.1. Methods. 

Clay minerals <2~ in size were obtained for X-ray 

diffraction analysis using a centrifuge technique developed 

by the New Zealand Soil Survey (Wells ~ ~., 1978). The 

samples for clay mineral analysis were initially oven dried 

at 105-1100 C and then passed through a 125~ sieve. Each 

sample was dispersed in deionised water and in an 

ultrasonic bath for 30 seconds. No further pre-treatments 

of the sample were carried out since these may alter the 

structure of the clay minerals (Wilson, personal 

communication; see below). Each sample was then 

centrifuged at 800rpm for apprOximately three and a half 

minutes, depending on the temperature of the liquid. The 

liquid containing the clays in suspension was then 

decanted. In some cases the liquid was centrifuged at 

1000rpm for 5 minutes to obtain the clays from the 

suspension. Where necessary this procedure was repeated in 

order to obtain sufficient material for examination. In 

several cases, however, it was not possible to derive 

enough material in the clay fraction for analysis. 

Oriented clay mineral specimens were obtained by pipetting 

the centrifuged residue on to glass slides and air drying 

the specimen. 

1° per minute 

diffractometer 

The oriented specimens were then analysed at 

on a Philips PW 1010/PW 1349 X-ray 

using Co Ka radiation. The untreated 

samples were initially scanned from 50 to 35~ Samples were 

then saturated with ethylene glycol for 1 hour and scanned 

either from SOto 3Soor from 5°to 15~ Finally, samples were 

heated to 500°C and scanned from 50 to 35°. 
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5.6.2. Identificati9n of minerals in the clay fraction of 

soil C horizons on mountain summits in the study area. 

Each clay mineral group may be recognized in X-ray 

diffraction traces by diagnostic basal reflections or 'd 

spacings' that are related to the particular type of layer 

and interlayer structure of the miner~ (Brown and 

Brindley, 1980; Table 5.4). Clay minerals also react 

differently to sample treatments. Saturation with ethylene 

glycol, for example, usually results in enlargement of the 

crystal lattice, and heat treatment dehydrates and destroys 

some clay mineral species. By comparing untreated 

specimens with the ethylene glycol-treated and heat-treated 

specimens it is, therefore, possible to identify and 

classify specific clay mineral groups (cf. Thorez, 1975; 

Brown and Brindley, 1980). These procedures are 

particularly important for differentiating between 

chlorites and kaolinite or halloysite. The characteristics 

of the major clay mineral groups identified in this 

analysis are described below. Numbers in parentheses refer 

to the relative strengths (from 0 to 10) of the reflections 

in X-ray diffraction traces (based on Brindley and Brown, 

1980). 

5.6.2.1. Mica 

Micas form the dominant clay mineral group in samples 

from the C horizons of s011s developed on frost-shattered 

summits, ice-scoured summits and summits that support 

incipient mountain-top detritus 1n the study area. The 

mica group is subdivided, depending on whether the 2:1 
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Mineral Air-dried Ethylene SOOGC 
glycol 

Mica 10.1-9.9 10.1-9.9 10.1-9.9 

5.05-4.95 5.05-4.95 5.05-4.95 

3.36-3.19 3.36-3.19 3.36-3.19 

Vermiculite 14.6-14. 14.6-14 10 

Kaolinite 7.15 7.15 Disappears 

4.36 4.36 Disappears 

3.58 3.58 Disappears 

Halloysite 10 10 Disappears 

7.5-7.2 7.5-7.2 Disappears 

4.44 4.44 Disappears 

3.4 3.4 Disappears 

Chlorite 14.3-14 14.3-14 14.1-13.7 

7.2-7.1 7.2-7.1 Disappears 

4.78-4.68 4.78-4.68 4.78-4.68 

3.6-3.5 3.6-3.5 Disappears 

Gibbsite 4.85 4.85 Disappears 

4.37 4.37 Disappears 

Quartz 3.4 3.4 3.4 

4.34 4.34 4.34 

Feldspar 6.6-6.3 6.6-6.3 6.6-6.3 

4.23-4.04 4.23-4.04 4.23-4.04 

3.83-3.70 3.83-3.70 3.83-3.70 

3.31-3.29 3.31-3.29 3.31-3.39 

o Table 5.4. Diagnostic basal spacings in A of the major 
clay mineral groups identified in this study, for 
air-dried specimens, ethylene glycol-treated specimens 
and specimens heated to 500 0 C (Based on Brown and 
Brindley, 1980). 



crystal lattice - is dioctahedral (muscovite type) or 

trioctahedral (biotite type). Muscovite is generally 

considered to be extremely resistant to weathering, whilst 

biotite is considered to be highly susceptible to 

weathering as a result of leaching of interlayer cations 

resulting in the formation of mixed-layer 

biotite-vermiculite (expanded biotite) (Wilson, 1986). 

Micas may be identified from strong basal reflections in 

o 
X-ray diffraction traces that occur at 10.1-9.9A (10), 

5.05-4.95A (4-5) and 3.36-3.191 (10) (Figure 5.13). These 

mica reflections remain unaltered in ethylene 

glycol-treated specimens and in specimens heated to 500 0 C. 
o 

The peak at 3.36-3.19A coincides with a strong basal 

reflection of quartz and characteristically occurs as a 

distinct 'shoulder' on the quartz reflection. For example, 

a sample from the C horizon of a subalpine podzol soil 

developed on the frost-shattered summit of Carn Ban (845m, 

NH 338 877) contains a distinct double quartz and mica peak 

at 3.34-3.321 in the specimen heated to 500°C (Figure 

5.13). 

5.6.2.2. Vermicul1te 

The term 'vermiculite' refers to 2:1 expandable 

minerals that have a layer charge larger than that of 

smecti te C~ .• 0.6 per 0120H2). Most vermiculites form by the 

degradation of pre-existing sheet silicates and much of 

their character is determined by that of the parent mineral 

(Weaver and Pollard, 1973). Vermiculite may be identified 

from a characteristic reflection at 
o 

14.6-14A (10) (Brown 

and Brindley, 1980). This reflection is enhanced following 

2PI 
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Figure 5.13. X-ray diffraction traces of soil clays 
«2~) from the C horizon of a subalpine podzol 
devel oped on tne frost-shattered summit of Carn B~n 
(84500, NH 338 877; CB1). This sample is dominated by 
mica, quartz and feldspars, wnich are unaltered on 
heating to 500°C. 
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ethylene glycol- treatment, but disappears on heating to 5000 

C as a result of dehydration. Interlayer minerals formed 

by the alteration of primary biotite may be identified from 

a distinct shoulder that occurs on the 10X mica peak 

between ~.10A and ~.14A. For example, a sample from the 

eluviated horizon of a podzolic ranker soil developed on 

the frost-shattered summit of Beinn Liath Mh6r Fannaich 

(954m, NH 209 724) exhibits a shoulder on the 10A mica peak 

that is typical of mixed-layer biotite-vermiculite (Figure 

5.14). This 
o 

peak characteristically collapses to 10A on 

heating to 500°C (Brown and Brindley, 1980). A sample from 

the C horizon of a peaty ranker soil developed on the 

ice-scoured summit of Carn Mar (640m, NH 426 736) also 

contains vermiculite, probably interstratified with 

chlorite, forming a peak at 121 that shifts to 
o 

10A on 

heating to 500°C (Figure 5.15). 

5.6.2.3. Kaolinite and Halloysite. 

Dioctahedral kaolinite is a hydrous aluminosilicate 

containing minor amounts of other constituents, including 

1973). Halloysite has the same theoretical Si02/Al2 03ratio 

as kaolinite but the water content is higher, two water 

layers between adjacent kaolinitic layers resulting in a 

unit lOA thick. Kaolinite and halloysite have very similar 

basal spacings and as a result are frequently difficult to 

differentiate in X-ray diffraction traces (Table 5.4). 

Kaolinite may be, identified from reflections that occur at 
o () 0 

7.15A (10), 4.36A (7) and 3.58A (7). These peaks are 

unaltered or expand following saturation with ethylene 
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Figure 5.14. X-ray diffraction traces of soil clays 
«2~m) from tne eluviated horizon of a podzolic ranker 
soil developed on tne frost-snattered summit of Beinn 
Liath Mn6r Fannaich (954m, NH 209 724; BLHF2). 
Vermiculite interstratified witn mica is indicated by 
the distinct shoulder on the mica peaK at 101. Gibbsite 
and kaolinite and/or halloysite may also be identified 
by peaks at ~.7X in untreatea and ethylene glycol 
treated samples. Tnis peak is destroyed on neating to 
500°C. 
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Figure 5.15. X-ray diffraction traces of soil clays 
«2~m) from the C horizon of a podzolic ranker soil 
developed on tne ice-scoured summit of Carn M6r (670m, 
NH 426 736; CM8). Vermiculite interstrat~fied with 
chlorite may be identified by a peak at 12A in the 
untreated sample, wnich shifts to 10X in the sample 
heated to 500°C. 



glycol, but are-destroyed on heating to 500°C as a result 

of dehydration (Table 5.4). Halloysite may be identified 
o 0 0 

from strong reflections at lOA (7-10), 7.5-7.2A (10), 4.44A 

( 9) 
o 

and 3.4A (5). These peaks are unaltered following 

treatment with ethylene glycol but are also destroyed on 

heating to 500 0 C. Unfortunately halloysite reflections 

overlap with other common clay minerals including mica at 

101 and 
o 

3.4A, quartz at 4.441 and kaolinite at 7.5-7.2A. 

As a result, it is frequently extremely difficult to 

differentiate between kaolinite and balloysite in X-ray 

diffraction traces. The presence of halloysite in a sample 

may be indicated by a double peak at ~.71 in some samples 

(e.g. Figure 5.16). However, halloysite may be more 

abundant in soils than may be determined by simple X-ray 

diffraction techniques (cf. Wilson and Tait, 1977). Both 

kaolinite and halloysite are thought, nevertheless, to be 

inherited in present soil profiles. 

5.6.2.4. Gibbsite. 

Gibbsite may be recognised in the clay fraction of 
o 

soil samples by distinct reflections that occur at 4.85A 

(10) and 4.371 (5) in untreated specimens and specimens 

treated with ethylene glycol. Gibbsite is destroyed on 

heating to 500°C (Reynolds, 1971). For example, gibbs1te 

may be identified by distinct peak at 4.891 in a untreated 

specimen from the C horizon of a brown ranker soil 

developed on the frost-shattered summit of Am Faochagach 

(954m, NH 305 795; Figure 5.16). This peak disappears on 

heating to 500°C. 
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Figure 5.16. X-ray diffraction traces of soil clays 
«2~m) from the C horizon of a brown ranker soil 
developed on tne frost-shattered summit of Am Faochagach 
(954m, NH 303 794; AF1). Vermiculite, kaolinite and/or 
halloxsit~ and gibbs~te may be identified by traces at 
13.67!, 7A, and 4.89A respectively that are destroyed on 
heating to 500°C. 



5.6.2.5. Cblorite. 

Chlorites are hydrous silicates of magnesium, 

aluminium and iron in widely varying proportions (Weaver 

and Pollard, 1973). The fundamental unit layer of chlorite 

consists of a 2:1 layer plus an hydroxide sheet. The layer 

thickness is 141. Chlorite may be distinguished from other 

clay minerals by peaks at 14.3-141 (3-10), 7.2-7.11 (6-10), 

4.78-4.68A (4-8) and 3.6-3.51 (7-10) in untreated samples 

and by peaks at 14.1-13.7 (10+) and at 4.78-4.68 (4-8) 

following heating to 500 ° C. Chlorites may also be 

interstratified with vermicu11te producing a broad peak 

from 14-101 after heating to 500°C. 

5.6.2.6. Quartz and feldspars. 

Quartz may be identified by characteristic peaks at 

o 0 
4.34A and 3.40A (10) in untreated samples that are 

unaffected by heating the sample to 500°C (e.g. Figure 

5.13). 
o 0 

Feldspar peaks occur at 6.6-6.3A (1-2), 4.23-4.04A 

(6-7), 3.83-3.701 (7) and 3.31-3.291 (10) in both untreated 

and heat-treated samples (e.g. Figure 5.13). 

5.6.3. Results 

The major clay mineral groups identified on 

frost-shattered summits, ice-scoured summits and summits 

that support incipient mountain-top detritus are summarised 

in Tables 5.5 to 5.8. Abundant quartz and feldspar in the 

quartz fraction of samples from C horizons are not included 

in tnese tables, and chlorites were not detected in most 
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Sample Altitude Horizon Mica Vermicul1te Halloy s itel Gibbsi e 
Kaolini t e 

BLAG1 766m C XXX X X NO 

BLAG2 766m C XXX TR X NO 

BLAG3 766m C XXX X X NO 

BLAG4 766m C XXX TR X NO 

BLAGS 766m C XX X X NO 

BLAG10 766m C XXX NO TR NO 

BLMF3 820m C XX X X NO 

BLMFS 954m C XXX X X XX 

BLMF6 954m B XXX X X NO 

BLMF7 9S4m C XX NO NO NO 

SB1 9C6m C XXX X X NO 

CB2 830m C XXX NO NO TR 

BWS 946m C XXX XX XX TR 

BW6 894m C XXX XX XX TR 

BWB lO46m C XX X X X 

BW9 1C4 6m C XX XX XX XXX 

BWll 930m B/C XX X X NO 

CGLl 9:0m C XXX XX XX XX 

AF1 954m C XXX XX XX XX 

AF3 954m C XXX X X XX 

MABl BB2m C XXX XX XX NO 

BOO B22m C XXX X X X 

XXX Strong BLAG Be inn Lia t h Mhor a ' Ghiubha1s L1 (NH 2B1 713) 
XX Med i u:r. BLMF Beinn Liath Mhor Fannaich (NH 222 724) 

X Weal<: SB Sea na Bhra1gh (N H 288 872) 

TR Trace CB Carn Ban (NH 338 B66) 

NO None detected 
BW Ben Wyvis (NH 46 2 665 ) 
CGL Ca rn Gorm Loch (NH 329 802 ) 
AF Am Faochagach (NH 305 795 ) 
MAB Mea1 l an Ban (N H 298 801 ) 
BOO Bodach Mor (NH 361 892 ) 

Table 5.5. Clay mineralogy of tne <2~ 

samples from C horizons of soils 
frost-shattered mountain summits in tne 
Quartz and feldspars are abundant but are 
in the table. Cnlorites were hot detected. 

fraction of 
developed on 

study area . 
not included 
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Sample Altitude Horizon Mica Ve rmlcullte Halloysitel Gibbslte Kaol1nl te 

MB10 

MB12 

MB13 

CCLTl 

AC5 

AC3 

AC 1 

CM 9 

CM 8 

CM7 

CM6 

CMS 

CM4 

CM2 

CM1 

MB1 4 

XXX 

XX 
X 
TR 

NO 

532m C XXX XX XX ND 

532m A/C XXX ND ND ND 

S32 m A/C XXX ND ND ND 

884m A/C XXX NO NO NO 

558 m B/C XXX X TR ND 

558m C XXX NO XX NO 

558m C XX X NO X ND 

670m B XXX ND ND ND 

670m C X XXX ND ND 

640m C XX X XX ND ND 

640m B/C XXX NO XX ND 

640m A XXX NO ND NO 

640m C XXX XX XX NO 

640m A XXX ND NO ND 

64 0m C XXX ND ND ND 

532m A XXX ND NO ND 

Strong MB Mea ll Breac (NH 243 738 ) 
Medium CCLT Cnap Colre Loch Tuath (NH 283 927 ) 
Weak AC An Cabar (NH 259 64 1 ) 
Trace CM Carn Mor (NH 426 736 ) 

None detecced 

Table 5.6. Clay mineralogy of tbe <2~m fraction of 
samples from C horizons of soils developed on 
ice-scoured mountain summits in tne study area . Quartz 
and feldspars are abundant but are not included 1n the 
table. Chlorites were not detected. 
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Samp l e Altit ude Horizon Mi ca Vermi culite Ha lloysi tel Gi bbsite 
Kaolinite 

MACHl 632m B/C XXX NO XX NO 

MACH2 628m C XX X XX XX NO 

BLB19 665m B/C XXX XX X NO 

BTHM 692m AI C XXX NO X NO 

BTHA2 692m C XXX XX XX NO 

BTHAl 692m A/C XXX TR X NO 

BOlD 642m B/C XXX NO X NO 

B07 642m B XXX NO NO NO 

BOS 642m C XXX NO NO NO 

B0 3 642 m A XX X NO NO NO 

XXX Strong MACH 1 Me a 11 a ' Chaorainn (NH 360 827 ) 
MACH 2 Me a11 a ' Chuille (NH 343 821 ) 

XX Medi um BLB Bei nn Llath Bheag (NH 243 738 ) 
X Wea k BTHA Beinn Tharsuinn (NH 606 793 ) 
TR Trace BD Beinn Oearg (NH 283 696) 

NO None detected 

Table 5.7. Clay mineralogy of the <2~ fract i on of 
samples from C horizons of soils developed on mountain 
summits supporting incipient mountain-top de tritus in 
the study area. Quartz and feldspars are abunda nt out 
are not included in the table. Cnlorite s were not 
detected. 
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a.Mica 

Strong Medium Weak Trace Not detected 

Fs 73 27 0 0 0 

Int 100 0 0 0 0 

Is 94 0 6 0 0 

b . Vermi culite 

Strong Medium Wea.k Traee Not detected 

Fs 0 27.3 50 9 .1 13.6 

Int 0 30 0 10 60 

Is 6.25 18.75 6 .25 0 68.75 

c. Kaolinite and/o r halloysite 

Strong Medium Weak Trace Not detected 

Fs 0 27.3 59.1 4.5 9.1 

Int 0 30 40 0 30 

Is 0 25 6.25 6 .25 62.5 

d. Gibbsite. 

Strong Medium Weak Trace Not detected 

Fs 4.5 18.2 9.1 13.6 54 .6 

Int 0 0 0 0 100 

Is 0 0 0 0 100 

Table 5.B. Relative abundance of tne major clay mineral 
groups in samples from C horizons and lower B horizons 
of soils developed on frost-shattered summits (F s ), 
intermediate summits supporting incipient mountain-top 
detritus (lnt) and ice-scoured summits (Is). Values 
expressed as percentages. 
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samples and are -also excluded from the tables. In certain 

samples very poor traces were recorded in which no clay 

minerals could be identified. For example, specimens from 

the B horizons of gleyed rankers on Beinn Liath Bheag 

produced poor results, probably as a result of the 

influence of organic complexes and iron oxides. These 

samples were, therefore, excluded from this analysis. 

However, most samples from lower B horizons and C horizons 

provided adequate X-ray diffraction traces without 

pre- trea tment. Ethylene glycol treatment resulted 1n 

swelling of the clay mineral lattice and consequent 

broadening of the peaks on the X-ray diffraction traces. 

The significance of the major clay mineral groups 

identified above in terms of relative age of soil 

development are discussed below. 

Mica forms the dominant mineral group from which clay 

is derived in most of the samples analysed (e.g. Figure 

5.17). This group of clay minerals 15 probably derived 

from the underlying muscovite-biotite Maine schists as a 

result of direct ~ ~ weathering under conditions 

similar to those at present. Dioctahedral muscovite is 

thought to be strongly resistant to weathering whereas 

trioctahedral biotite is more easily weathered by the 

removal of potassium to form vermiculite (Weaver and 

pollard, 1973; Wilson, 1986). Muscovite may, therefore, be 

represented by the occurrence of peaks at 
o 

1 aA, 
o 

5A and 
o 

3.32A, whereas the presence of altered biotite may be 

indicated by the widespread occurrence of vermiculite in 
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many of the samples (e.g. Figure 5.16). Nevertheless the 

presence of unweathered biotite in many samples cannot be 

ruled out. 

5.6.3.2. Vermiculite. 

Vermiculite occurs in samples from frost-shattered 

summits, ice-scoured summits and summits that support 

inCipient mountain-top detritus (e.g. Figures 5.15, 5.16, 

5.20). Vermiculite and vermiculite layers interstratified 

with mica and chlorite are considered to form as a 

secondary weathering product as a result of the alteration 

of primary minerals such as biotite (cf. Walker, 1949; 

Brown, 1953; Gjems, 1963; Reynolds, 1971; McKeague ~Al., 

1978). Therefore, the extent of vermiculitisation in soils 

developed 

probably 

on mica-schists on mountains in the study area 

depends on whether the parent rock contains 

biotite in addition to the more resistant muscovite 

(Wilson, 1985). 

5.6.3.3. Chlorite. 

Chlorite is quite easily weathered under moderate 

leaching conditions. Initially the hydroxide sheet is 

stripped and a vermiculite or mixed-layer 

chlorite-vermiculite is formed. Al and Fe hydroxide are 

commonly precipitated between the expanded layers, which 

tends to retard the weathering process (Weaver and Pollard, 

1973). Chlorite-derived vermiculites may occur in several 

samples. However, chlorite was not identified in any of 

the samples from the C horizons of soils developed on 
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-
mountain summits in the study area. 

5.6.3.4. Kaolinite and Halloysite. 

One of the most surprising results of this analysis is 

the occurrence of minor amounts of kaolinite and/or 

halloysite not only in the C horizons of some soils that 

have developed on frost-shattered summits but also in those 

of soils developed on some ice-scoured summits and some 

summits that support incipient mountain-top detritus 

(Tables 5.5 to 5.8). For example, kaolinite and/or 

halloysite occurs in the C horizon of a podzolic ranker on 

the frost-shattered summit of Am Faochagach (954m, NH 305 

795; Figure 5.18), in the C horizon of a peaty ranker on 

the ice-scoured summit of Meall Breac (532m, NH 224 751; 

Figure 5.19) and in the C horizon of a brown ranker 

developed on incipient mountain-top detritus on the summit 

of Meal 1 a'Chuaille (620m, NH 343 811; Figure 5.20). The 

formation of kaolinite minerals is considered to be 

favoured by a well-drained acid environment, where alkali 

and alkaline-earth ions are leached from the soil, and by a 

high Al:Si ratio (Keller, 1962; Kittrick, 1969, 1970; 

Weaver and Pollard, 1973). Most kaolinite is thought to be 

formed by the acid leaching of alkaline rocks, primarily 

feldspars and micas; however, practically any Silicate or 

other mineral may alter to kaolinite if leaching conditions 

are suitable for a sufficiently long period of time (Weaver 

and Pollard, 1973). Kaolinite can also form from solution 

by resilification of aluminium-rich materials 

hydrothermal alteration. Halloysite in C norizons of soils 

in north-east Scotland is thought to be derived from both 
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Figure 5.18. X-ray diffraction traces of soil clays 
«2~m) from tne C horizon of a podzolic ranker soil 
developed on the frost-shattered summit of Am Faochagach 
(954m, NH 303

9
753; AF3). Gibbsite may be identified by 

a peak at 4.81A in the untreated sample. This peak 
disappears on neating to 5000 C. 
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Figure 5.19. X-ray diffraction traces of soil clays 
«2~) from tne C horizon of a podzolic ranker soil 
developed on the ice-scoured summit of Meal 1 Breac 
(532m, NH 223 751; MB10). Kaolinite and/or halloysit~ 
is clearly present ~n this sample, with a peak at 7.03A 
in the untreated and ethylene glycol treated traces. 
This peaK is destroyed on heating to 500°C. 
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Figure 5.20. X-ray diffraction traces of soil clays 
«2~m) from the C horizon of a brown ranker soil 
developed on incipient mountain-top detritus on tne 
summit of Meall a'Cnuaille (620m, NH 343 811; MACH1). 
Kaolinite and/or halloysite is clearly evident in tnis 
sample from a peak at 7.08A in tne untreated sample. 
Tnis peaK is destroyed on heating to 500°C. Vermiculite 
also occurs in this sample. 



weathered feldspar and biotite (Wilson and Tait, 1977). 

Minor amounts of kaolinite and/or halloysite in soils 

are thought to represent inherited constituents as there is 

little or no evidence that these clay minerals are 

developing in Scottish soils under present conditions 

(Wilson, 1986) • Moreover, Gjems ( 1967) has suggested that 

there is no evidence for post-glacial develo~ent of 

kaolinite in Norwegian sOils (see Section 5.2.2. above) • 

As a result, several authors have suggested that kaolinite 

and halloysite identified in soils in Scotland may have 

been derived from a pre-glacial or interglacial weathering 

mantle that developed under warm, humid conditions and 

which may either have remained 1A~ in places or may 

have been incorporated into glacial till (Stevens and 

Wilson, 1970; Bain, 1977; Wilson and Brown, 1976; Wilson ~ 

.al.., 1986, Wilson, 1985, 1986). 

The presence of kaolinite and/or halloysite in the C 

horizons of soils developed on ice-scoured mountain summits 

is difficult to explain in terms of inherited interglacial 

soil constituents, since such mountain summits have been 

strongly affected by glacial erosion beneath the last ice 

sheet. As a result, ice-scoured summits have probably only 

been exposed to sub-aerial weathering and pedogenesis since 

ice-sheet deglaciation at the end of the Dimlington 

Stadial. There appear to be three possibilities that may 

explain the occurrence of these clay minerals in the C 

horizons of some soils on ice-scoured mountain summits and 

summits that support only incipient mountain-top detritus 

in the study area: 
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1. Kaolinite and/or halloysite may have developed in soils 

on mountain summits in the study area in the period since 

ice-sheet deglaciation under conditions similar to those at 

present. This possibility cannot be ruled out entirely, 

but is considered unlikely by several authors 

Wilson, 1986). 

(e.g. 

2. Kaolinite and/or halloysite may have been derived from 

a pre-glacial or interglacial weathering cover and may have 

been incorporated into glacial till that has been deposited 

in limited quantities on ice-scoured summits and summits 

that now support incipient mountain-top detritus, forming 

in part the parent material of soils developed on such 

summits. The extensive survival of in ~ residuals of a 

pre-glacial or interglacial weathering cover on ice-scoured 

summits is unlikely since such summits were actively eroded 

by the last ice sheet. 

3. Kaolinite and/or halloysite in soils on frost-shattered 

mountain summits may represent an 1A ~ residual of a 

pre-Late Devensian weathering cover, since such summits may 

have remained unglacierised above the surface of the last 

ice sheet (see Chapter 4), Whilst kaolinite and halloysite 

in soils on ice-scoured summits and summits that support 

incipient mountain-top detritus may have been derived from 

chemically-altered weathered regolith that has been 

incorporated into glacial till, since these summits were 

covered by the last ice sheet. 

The final hypothesis is testable by comparing the 

frequency of occurrence of kaolinite and/or halloysite in 

the C horizons of soils developed on the three categories 
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of mountain summits using the non-parametric Chi square 

test. Frequency data was obtained from tables 5.5 to 5.7 

and grouped for testing into either three categories 

(medium response, weak and trace response and none 

detected) or two categories (medium, weak and trace 

response and none detected) , the number of categories 

employed being determined by the need to satisfy the 

requirements of the Chi square test. The frequency of 

occurrence of kaolinite and/or halloysite in samples from 

frost-shattered summits was found to be significantly 

greater (at toe 0.01 level) that that in samples from 

ice-scoured summits (Table 5.9) and significantly greater 

(at the 0.05 level) than that in samples from intermediate 

summits supporting incipient mountain-top detritus (Table 

5.10). However, no significant difference in the frequency 

of kaolinite and/or halloysite occurrence could be 

identified in the test for differences between ice-scoured 

summits and intermediate summits supporting incipient 

mountain-top detritus (Table 5.11). These findings are 

consistent with the third hypothesis stated above, namely 

that soils on frost-shattered summits may have developed in 

part on a residual weathering cover that survived 1A ~ 

on mountain summits that remained above the surface of the 

last ice sheet. The less frequent occurrence of kaolinite 

and/or halloysite in samples derived from the C horizons of 

soils developed on ice-scoured summits and 

supporting incipient mountain-top detritus 

summits 

is also 

consistent witn the hypotheSiS that these clay minerals may 

have been derived from a pre-glacial or interglacial 

weathering cover that has been incorporated into a glacial 

till. However, the possibility that limited kaolinite 
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I. Observed (obs) and Expected (cxp) values. 

Medium Weak+Trace Nol detected Total 

FsObs(cxp) 6 (5.789) 14 (9.26) 2 (6.497) 22 

[s Obs (cxp) 4 (4 .324) 2 (5.895) 10 (5.053) 16 

Total 10 16 12 38 

Il. Calculated Chi Square Value. 

(O' El (O-El 2 {O-El 2 

~ 

Fs Medium 0.211 0.044 0.008 

Weak+trace 4.74 22.468 2.426 

Not detected -4 .947 24 .473 3.523 

Medlum -0.324 0.105 0 .024 
Is 

Weak+trace -3 .895 15.171 2.573 

Not de tected 4.947 24.472 4.843 

l: lO.:.El..
2 
= 13.97 

E 

with degrees of freedom - 2, tabulated Chi square value at t he 0 . 01 
level 1s 9. 21 . As calculated Chi Square value is greater tha n tabulated 
chi square , samples are different at the 0 . 01 level . 

Table 5.9. Chi square test between 
kaolinite and/or nalloysite from the 
aeveloped on eitner frost-shattered 
ice-scoured summits (Is). 

the occurrence of 
C norizons of soils 

summits (Fs) or 
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I. Observed (obs) and Expected (cxp) values. 

Medlum+ 
Weak +Trace 

Fs Obs(cxp) 20 (18.57) 

Int Obs (cxp) 7 (8.43) 

To tal 27 

11 . Calcula ted Chi Square Value. 

(O-El 

Medlum+ 
1.43 Fs Weak+trace 

Not detected 1.43 

Medium+ 
Int Weak+trace 1.43 

Not detected 1.43 

Not detected Tota l 

2 (3.43) 22 

3 (1.57) 10 

5 32 

(O-El 2 
(O-El 2 

-r-
2.07 0 .11 

2 .07 0 .6 

2 .07 2 .04 

2.07 1.36 

L (O-El 2 =4.06 
- E-

Wlt h degrees of fre edom-l , tabulated Ch! Square va l ue at the 0 _05 
level is 3 . 84 . As calculated Chi Square value is greater than ta bu l ated 
Ch! square, samples are different a t t he 0 . 05 leve l . 

Table 5.10. Chi square test be tween tne occurrence of 
Kaolinite and/or halloysite from the C horizons of soils 
developed on either frost-shattered summits (Fs) or 
intermediate summits supporting inCipient mountain-top 
detritus (lnt). 

237 



I. ObseIved (obs) and Expected (exp) values. 

Medlum+ 
Weak+Trace 

Is Obs(exp) 6(8) 

Int Ohs (exp) 7 (5) 

Total 13 

11. Calcula ted Chi Square Value. 

MedlulD+ 
Is Weak+trace 

Not detected 

MedlulD+ 
Int Weak+trace 

Not detected 

Not detected Total 

(0· El 

·2 

2 

2 

-2 

10 (8) 16 

3 (5) 10 

13 26 

(O.El 2 (O-El 2 ,--
4 0 .5 

4 0.5 

4 0 .8 

4 0 .8 

~ (O-El 2 =2 .6 
-E-

With degrees of freedom-l, tabulated Chi Square value at the 0.01 
level i s 6 .64 and a t the 0.05 level is 3 .B 4. As calculated Chi Square 
value 1s not greate r than tabulted Chi square , the nul l hypothesls 
of ' no difference ' cannot be rejected at the 95\ confidence leve l . 

Table 5.11. Chi square test between the occurre nce of 
kaolinite and/or halloysite from the C horizons of soils 
developed on either ice-scoured summits (Is) or 
intermediate summits supporting incipi ent mountain-top 
detritus (lnt). 
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and/or halloysit~ formation may have occurred since the 

retreat of the last ice sheet on all three types of summit 

cannot be excluded on the basis of the statistical testing 

reported above, though this explanation alone cannot 

account for the significantly greater frequency of these 

clay minerals on frost-shattered summits. 

5.6.3.5. Gibbsite. 

Gibbsite occurs as the dominant clay mineral in only 

one sample (from the C horizon of a subalpine podzol 

developed on the frost-shattered summit of Ben Wyvisj 

Figure 5.21). Minor amounts of gibbsite were, however, 

also detected in other samples from the summit of Ben Wyvis 

and in samples from the frost-shattered summits of Beinn 

Liath Mhor Fannaich (Figure 5.14), Am Faochagach (Figure 

5.16), Bodach Mor (Figure 5.17) and Carn Gorm Loch (Figure 

5.22). However, no gibbsite was detected in any of the 

samples from ice-scoured summits and summits that support 

incipient mountain-top detritus (Table 5.8d). 

The precise significance of gibbsite in soils on 

mountain summits in northern Scotland is uncertain. 

Generally it bas been accepted that the presence of 

gibbsite in soils is attributable to weathering processes 

of high intenSity and of great duration. The widespread 

occurrence of gibbsite in soils of tropical environments 

has led to the suggestion that gibbsite in Scottish soils 

may have been inherited from earlier, hot-humid weathering 

conditions (Wilson, 1969, 1985, 1986j Wilson and Brown, 

1976). 
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a. Heat treated (5O<fC) 

b. Ethylene glycol treated 

c. Untreated 

MIca/QuazU: 

3.3A 

30 
3.45 

25 
4.13 

Glbbslte 

4.82A 

20 
5. 15 

15 
6.85 

Mica 
9.9sA 

V~lcul1te 

14.re.A 

Mica 

9.96A 

10 
10.26 

Vermlcu11 te 

5 0 

20.5 A 

Figure 5.21. X-ray diffraction traces of soil clays 
«2~) from the C norizon of a subalpine podzol 
developed on tne frost-shattered summits of Ben Wyvis 
(1046m, NH 463 684; BW9). The untreated sample is 
dominated by gibbsite which is destroyed on heating to 
500°C. 
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a . Heat treated (SO<fC) 

Mica 
3.32A 

Quartz 
3.34.A 

Quartz MIca 
4.23A 4.95A 

MIca 
9.96A 

MIca 
9.96A 

Vermlcultte 
14 .05A 

b . Ethylene glycol treated 

40 
2 .62 

c. Untreated 

MJca 
3.32A Quartz 

35 
2 .98 

3.34A 

Kaoltnlt.e 

3.ssA 

30 
3.45 

Gtbbslte 
4.85A 

25 
4 .13 

MIca 

4 .97A 

20 
5. 15 

Kaoltnlle and/or 
Halloyslle 

7.1sA 

Kaoltnlte and/Cd" 
l-taDoyslle 

7. 1sA 

15 
6 .85 

10 
10.26 

Vcnnlcu\tle 
14.osA 

5 0 
20.5 A 

Figure 5.22. X-ray aiffraction traces of soil clays 
«2~m) from tne C horizon of a brown ranker soil 
developed on the frost-shattered summit of Carn Gorm 
Locn (910m, NH 802 319; CGL1). Vermiculite, kaolinite 
and/or halloysite and gibbsite may be identified from 
traces in tne untreated and ethylene glycol treated 
samples that are destroyed on heating to 500°C. 



However, regent investigations into the formation of 

gibbsite indicate that there are two kinds of origin for 

this mineral: an initial rapid process of gibbsite 

formation following the weathering of aluminosilicates, 

where gibbsite would be one of the first products of 

neoformation, and the second requiring a long period of 

weathering involving the breakdown of phyllosilicates of 

the kaolinite type (Helgeson ~ Al., 1979; Pedro, 1979; 

Henin and Pedro, 1979; Pedro and Sieffermann, 1979; Macias 

Vasquez, 1981). Gibbsite formation is strongly controlled 

by the concentration of silica in solution (of. Gardner, 

1972; Pedro and Delmas, 1971). Inoreasing silica 

concentrations and the aotion of organio oomplexes tends to 

result in the decrease of gibbsite up weathering profiles 

(Wilson and Brown, 1976; Hall, 1984). Gibbsite may, 

therefore, preferentially develop in the C horizons of 

soils where silica concentrations are low. Several authors 

have suggested that gibbsite is capable of formation under 

temperate weathering conditions (e.g. Dejou ~~., 1972; 

Reynolds, 1971; Macias Vasquez, 1981; Hall, 1984). Macias 

Vasquez (1981), for example, concluded that gibbsite in 

soils and saprolites of Galicia, north-west Spain, formed 

in well-drained regolith during the initial weathering of 

aluminosilicates, especially plagioclases, and that there 

is no evidenoe of gibbsite inheritance from previous hot 

humid climates. 

Gibbsite has been identified in soils in present-day 

Alpine enVironments (e.g. Reynolds, 1971; Brewer and 

Haldane, 1973) and in soils on mountains in the Southern 

Uplands (Wilson and Brown, 1976), on the Cairngorm plateau 
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(Hall, 1984) and.on frost-shattered mountains in the study 

area. Recent findings which indicate that gibbsite may be 

capable of forming in soil parent materials under temperate 

conditions suggest that the possibility that this clay 

mineral may have developed in mountain-top soils under 

present conditions (possibly during the initial weathering 

phase of aluminosilicates) cannot be ruled out entirely. 

It should be noted, however, that the postglacial 

temperature regime of Scottish mountain summits has been 

much cooler than that of surrounding lowland areas, and 

that there is no evidence that truly warm 'temperate' 

conditions have existed on such summits at any time since 

deglaciation. Hall ( 1984) suggested that gibbsite 

identified in a soil on the Cairngorm plateau had formed as 

a result of the weathering of aluminosilicates under 

late-lying snow. If this is correct, gibbsite formation in 

the C horizons of soils on frost-shattered summits in the 

study area may also be associated with late-lying snowbeds, 

which may prolong drainage through unco nso11da ted 

frost-shattered regolith of meltwater in which silica 

concentrations are low (cf. Hall, 1984). However, 

late-lying snowbeds persist on many of the ice-scoured 

summits and summits supporting incipient mountain-top 

detritus in the study area, yet samples from C horizons of 

soils on such summits do not exhibit any evidence of 

gibbsite formation. In addition, many of the 

frost-shattered summit areas that were sampled are flat and 

exposed and do not provide ideal locations for the survival 

of persistent snow-patches. In view of the above 

conSiderations, and the complete absence of any evidence 

for gibbsite development on ice-scoured summits or summits 
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that support only incipient frost-weathered detritus, the 

most plausible interpretation of the origin of gibbsite in 

the soil samples from frost-shattered mountain summits is 

that it is derived from an ~ ~ pre-glacial or (more 

likely) interglacial weathering cover. If this 

interpretation is correct, then the restriction of gibbsite 

only to frost-shattered summits is consistent with (and 

indeed strongly favours) interpretation of frost-weathered 

detritus as being diagnostic of mountain summits that 

escaped glaciation when the last ice sheet reached its 

greatest thickness. 

5.6.4. Discussion. 

A statistically significant increase in the frequency 

of kaolinite and/or halloysite occurrence in the C horizons 

of soils developed on frost-shattered summits when compared 

with samples from the C horizons of soils on ice-scoured 

summits and summits that support only incipient 

mountain-top detritus implies that the development of these 

clay minerals is greater in soils developed on 

frost-shattered summits. This result is consistent with 

the hypothesis that a residual of a pre-glacial or 

interglacial weathering cover may have survived ~ ~ on 

summits that formed nunataks above the surface of the last 

ice sheet. However, the occurrence of kaolinite and/or 

halloysite in soils on ice-scoured summits is difficult to 

explain in terms of the preservation of a pre-glacial or 

interglacial weathering cover ~~, since such summits 

have been strongly affected by subglacial erosion beneath 

the last ice sheet. Kaolinite and/or halloysite that 
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occurs in soi13 on such summits may, therefore, have been 

inherited from a glacial till that incorporated these clay 

minerals, or may have developed since ice-sheet 

deglaciation. Neither of these explanations, however, can 

account for the significantly greater frequency of 

occurrence of these clay minerals in soils developed on 

frost-shattered summits. 

In view of the current debate concerning the nature of 

the development of gibbsite, this clay mineral cannot be 

regarded as an unequivocal indicator of the survival of 

pre-glacial or interglacial weathered regolith. Recent 

investigations suggest that gibbsite formation may be 

related to weathering of aluminosilicates under temperate 

conditions, possibly enhanced by the presence of late-lying 

snowbeds (Hall, 1984). Nevertheless, the total lack of 

gibbsite in C horizons of soils on ice-scoured summits and 

summits supporting incipient mountain-top detritus strongly 

suggests that gibbsite detected in soils of frost-shattered 

mountain summits is inherited from an earlier weathering 

cover. This in turn indicates that such summits did not 

experience glacial erosion during the Late Devensian, but 

remained above the level of the last Scottish ice sheet as 

nunataks. 

5.....L.. SummarY 

The aim of the research reported in this ohapter was 

first, to attempt to identify supposed 'inherited' 

characteristics in C horizons of soils of the Arkaig 

association on mountain summits in the study area and, 
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second, to assess whether such characteristics could be 

used to determine relative age differences between soils 

developed on frost-shattered summits and soils on 

ice-scoured summits and summits that support incipient 

mountain-top detritus. 

Chemical analyses of the major elements in C borizons 

of mountain-top soils failed to detect unequivocal 

differences between the samples from C horizons of soils 

developed on frost-shattered summits, ice-scoured summits, 

or summits that support incipient mountain-top detritus 

that could be interpreted in terms of relative age 

differences. 

The clay mineralogy of C borizons of soils on all 

three categories of mountain summit are dominated by micas 

directly weathered from tbe underlying muscovite-biotite 

Maine schists. Biotite- or muscovite-derived vermiculite 

also occurs frequently as a secondary weatbering product in 

C horizons of soils developed on all three categories of 

mountain summits. One of the most surpriSing results is 

the widespread occurrence of kaolin1te and/or balloysite in 

soils on all three types of summit. A significant increase 

in the frequency of occurrence of these clay minerals in 

samples from soils on frost-shattered summits when compared 

with samples from soils developed on the other categories 

of summit is consistent with the hypotbesis that kaolinite 

and/or halloysite may have been derived from pre-Late 

Devensian weathering covers that survived in ~ On 

summits that formed nunataks above the last ice-sheet 

surface. The possibility that these clay minerals have 

developed since ice-sheet deglaciation cannot be ruled out 
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entirely, though this explanation alone fails to account 

for their significantly greater development on 

frost-shattered summits. The possibility that gibbsite 

detected in samples from soils on frost-shattered summits 

may also have formed since deglaciation also cannot be 

excluded. However, the fact that gibbsite does not occur 

in any of the samples from the C horizons of soils on 

ice-scoured summits and summits supporting incipient 

mountain-top detritus strongly suggests that this clay 

mineral has been inherited from an ~ ~ older weathering 

cover. 

In sum, the results of the analysis of clay minerals 

highlights two important differences between 

frost-shattered summits and summits that were certainly 

glacierised by the last ice sheet when it was at its 

maximal extent. These differences are entirely consistent 

with the survival of at least pockets of pre-Late Devensian 

weathered regolith on mountains that remained as nunataks 

above the surface of the last ice sheet. They thus provide 

strong independent evidence for the interpretation of the 

older tr imz one evident in the study area (Chapter 4) as 

representing the upper surface of the last ice sheet at its 

maximal extent, though the possibility that residual 

weathering covers may have survived on mountain summits 

under thin cold-based ice caps cannot be excluded on the 

basis of the above-reported evidence alone (cf. Hall and 

Sugden, 1987). 
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CHAPTER 6: Reconstructing the former dimensions of 

the last ice sheet in northern Ross-shire. ---
6.1 Introduction. 

The aim of the research reported in this chapter is 

to reconstruct the former vertical dimensions of the 

last ice sheet in the study area, based on the 

al ti tudinal dis tribu tion of trimzones on mountains. 
,-

In the previous chapter it has been demonstrated that 

residual remnants of a pre-Late Devensian weathering 

cover may have survived in situ on mountains 

supporting thick frost-shattered mountain-top 

detritus in the study area. This evidence implies 

that either mountain summits above the level of the 

older trimzone may have remained as nunataks above 

the former ice surface during the last ice maximum 

(cf. hypothesis 3, Chapter 4) or that residual 

weathering covers may have remained in situ on 

mountain summits that were covered by thin cold-based 

ice that was contiguous with warm-based ice (cf. 

hypothesis 4, Chapter 4) • Two alternative 

reconstructions of the former ice-sheet surface may, 

therefore be postulated. In the first the former ice

sheet surface may be derived directly from trimzones 

if it is assumed that a trimline developed as the 

las t ice shee t advanced to its maximum ex tent and 

that subsequent downslope movement of mountain-top 

detri tus led to the formation of a trimzone, where 

mass-moved mountain- top de tri tus separa tes in si tu 
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mountain-top detri tus from ice-scoured bedrock. The 

methodology for reconstructing the former ice-surface 

altitude from data derived from trimzones is examined 

in detail below. In the second reconstruction it is 

assumed that trimzones developed in association with 

zones of cold-based ice, which protected and 

preserved in situ mountain-top detritus, whilst such 

cold-based zones were contiguous with warm based ice 

beneath a large domed ice sheet. The precise vertical 
.. 

dimensions of this ice sheet are unknown, though a 

critical thickness of cold-based ice must be assumed 

to have developed on all mountain summits supporting 

trimzones and in si tu mountain-top detri tus. 

This chapter falls into five sections. The first 

evaluates previous attempts to reconstruct the former 

vertical dimensions of the last ice sheet. In the 

second section the pattern of basal ice movement 

associated with the last ice sheet in the study area 

is identified from the distribution of erratics, and 

the orientation of striae, roches moutonnees and ice

scoured bedrock. In the third section an ice-sheet 

reconstruction based on the assumption that nunataks 

existed above the former ice-sheet surface is derived 

from trimzone data and information concerning the 

pattern of former ice-sheet movement. The 

implications of this reconstruction are examined in 

section 4. Finally, the evidence supporting the 

alternative reconstructions based on either 

~ . I 
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hypothesis 3 or hypothesis 4 are evaluated in section 

5. 

6.2. Previous approaches to recons truc ting the 

vertical dimensions of the last Scottish ice sheet 

The dimensions of the last Scottish ice sheet have 

usually been reconstructed theoretically as part of 

models of former ice-sheet dimensions in the British 

Isles or North-west Europe. Most of· these 

reconstructions have assumed that the last Scottish 

ice sheet at its maximum extent terminated to the 

west of the Outer Hebrides and that the Scottish and 

Scandinavian ice sheets were confluent in the central 

North Sea (e.g. Boulton et al., 1977, 1985; Gordon, 

1979; Andersen, 1981). Such reconstructions have 

sugges ted tha t the whole of the Northern Highlands 

was covered by ice, possibly up to 1800m thick 

(Boulton et al., 1977). However, recent evidence that 

the Outer Hebrides maintained an independent ice cap 

throughout the last ice maximum and that the Scottish 

and Scandinavian ice sheets were not confluent in the 

central North Sea (chapter 2) implies that these 

reconstructions are of limited validity. An exception 

is an 'alternative' reconstruction of Boulton et al --
(1985, Figure 22), which assumed that steep, 'normal' 

ice-sheet profiles developed over bedrock areas, 

whilst low gradient ice surfaces developed in ice 

streams over deformable sediments (cf. Boulton and 

Jones, 1979), that the last ice sheet terminated in 
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northern Lewis in the west and that the British and 

Scandinavian ice sheets were not confluent in North 

Sea. This model predicts that the last ice sheet did 

not exceed 1000m in thickness in the Northern 

Highlands, which implies the survival of nunataks 

above the former ice-sheet surface in this area. 
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Most theoretical reconstructions of the last 

Scottish ice sheet make several important simplifying 

assumptions about the dynamics of former ice masses. 

It is usually assumed, for example, that the ice 

sheet was in steady state or equilibrium at its 

maximum extent, that it rested on a rigid horizontal 

bed, that mass balance was uniform over the ice sheet 

and that shear was concentrated at the base of the 

ice. However, 

inappropriate 

many 

for 

of these assumptions are 

of ice-sheet 

northern Scotland. The last ice 

reconstructions 

dimensions across 

sheet developed 

topography and 

in 

moved 

areas of 

outwards 

mountainous 

into areas 

bed 

of 

unconsolidated sediments offshore. Deformation and 

shearing of these sediments may have resulted in 

increased ice velocities, producing relatively thin, 

low-gradient ice-sheet profiles (cf. Boulton and 

Jones, 1979). In addition, extensive ice-shelves may 

have developed along the western margins of the last 

ice sheet (Davies !! al., 1984), though for much of 

the Late Devensian a stable land-based ice margin may 

have been located in the Inner Hebrides (Sissons, 

1982a). 
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The patterns of ice movement associated with the 

last ice sheet indicate that non-synchronous ice 

advances and retreats occurred during the Late 

Devensian. For example, stratigraphic evidence 

demonstrates that ice movements in the northern part 

of the Southern Uplands consisted of an initial 

period when Highland ice moved southwards followed by 

a period when Southern Uplands ice advanced 

northwards into the area formerly occupied by 

Highland ice (Geikie, 1894; Sissons, 1967; 

Su ther land, 1984) • I t is poss i ble, therefore, tha t 

whilst the southern part of the last Scottish ice 

sheet was advancing, the northern part may have been 

in re trea t. I f so, this impl ies that the limi ts of 

the last Scottish ice sheet were diachronous, that 

the ice sheet was never in a steady state, and that 

its mass balance was not uniform throughout. Such 

non-synchronous behaviour is consis ten t wi th a 

progressive southwards shift in the location of 

depression tracks across the British Isles, 

reflecting in turn the southwards migration of the 

oceanic polar front (Boulton, 1979; Sissons, 1981; 

Sutherland, 1984). 

Few studies have considered the possibility that 

nunataks remained above the surface of the last ice 

sheet in northern Scotland, though the model of 

Godard (1965) is a notable exception (see chapter 3), 

and the possibility was mentioned by Phemister (1960) 

and Sissons (1967). In areas of mountainous relief, 
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however, the vertical dimensions of former ice sheets 

may be estimated from the altitudinal distribution of 

trimlines or trimzones (e.g. Godard, 1965; Dahl, 

1966; Ives, 1978; Mangerud, 1973; Sollid and Reite, 

1983, Thorp, 1981, 1986; see chapter 4). By combining 

evidence of the former lateral extent of ice sheets 

or ice fields with evidence for their former vertical 

extent, detailed empirical reconstructions of the 

dimensions of former ice masses may be attempted. For 

example,. Thorp (1981, 1986) reconstructed the 

dimensions of parts of the former Loch Lomond 

Readvance ice field in the Western Grampian Highlands 

from lateral limits established by mapping the 

distribution of terminal moraines, the extent of 

thick drift, the position of fluvioglacial landforms 

and the distribution of erratics and striae, and from 

vertical limits established by mapping the 

altitudinal distribution of trimlines. The occurrence 

of a distinct older periglacial trimzone on many 

mountains in the study area raises the possibili ty 

that the former surface of the last Scottish ice 

sheet may be reconstructed in a similar manner (see 

section 6.4). 

6.3. Patterns of glacier movement associated with the 

last ice sheet in northern Ross-shire --
The precise lateral dimensions of the last ice sheet 

in or beyond the study area are, as ye t, uncertain 

(see section 3.4.1). However, two distinct phases of 
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ice-sheet movement may be identified: first, a period 

when the ice sheet advanced to its maximum extent and 

terminated some distance offshore to both the west 

and east of the Scottish mainland; and, second, the 

period of the Wester Ross Readvance, which 

interrupted ice-sheet retreat in the west of the 

study area and deposited a series of land-based 

moraines (Robinson and Ballantyne, 1979; Sissons and 

Dawson, 1981; Ballantyne, 1986a; Ballantyne et al., 

1987). Since the last period of regional ice movement 

across much of the study area was during the Wester 

Ross Readvance, many of the directional indicators of 

former ice movement such as erratics, striae, roches 

moutonnees and ice-moulded or ice-scoured bedrock are 

probably related to this readvance. However, there is 

no evidence to indicate that the pattern of earlier 

ice-sheet movement in the centre of the study area 

was different to that which occurred during the 

Wester Ross Readvance. Even near the margins of the 

latter, directions of ice movement differed only in 

detail from those attributable to the last ice sheet 

(Robinson and Ballantyne, 1979). 

6.3.1. Erratic transport. 

The diversity of rock types in the 

provides a rich source of evidence 

study area 

of former 

directions of ice-sheet movement through studies of 

the transport of erratics. The generalised pattern of 

erratic transport and the outcrops of distinctive 

.. "WI - ' 



255 

erratic sources in the study area are illustrated in 

Figure 6.1. 

Three main characteristics of erratic deposition in 

the study area may be identified (see section 

3.4.1.1). First, erratics derived from outcrops of 

Moine schist, Cambrian quartzite, Torridon sandstone 

and Lewisian gneiss in the wes t of the study area 

provide consistent evidence of former ice movement in 

a general north-westerly or NNW direction across much 

of this area. Second, erratics derived from the 

outcrop of Inchbae augen gneiss, .. £.10km east of the 

present watershed, occur up to 32km north-west of the 

outcrop and over lOOkm east of the outcrop, implying 

that at some time the ice-shed of the last or some 

previous ice sheet was located in the vicini ty of 

this outcrop. Finally, erratics derived from the 

ou tcrop of Carn Chuinneag grani te in the north-eas t 

of the study area occur only to the east and north of 

this outcrop, implying only former eastwards movement 

of ice across much of this outcrop (Plate 6.1). 

The distributions of certain erratics have 

significant implications that are considered below. 

Erratics identified in mountain-top detritus on 

several mountain summi ts in the wes t of the study 

area imply significant former upward movement of 

glacier ice over short distances. For example, 

high-level erratics of • thrust' Torridon Sandstone 

have been recorded on the summit of 5'8i1 Liath, An 

Tea1lach, implying upward movement of ice of c.450m 
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Plate 6.1. Erratic block of Carn Chuinneag Granite tnat 
occurs on outcrops of Moine Scnist in the area to tne 
east of tne summit of Beinn nan Eun (742m, NH 448 759). 
This block has been transported at least 4km eastwards. 
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over a distance of no more than 6km from the source 

outcrop (Peach, et a1., 1913a; Ballantyne ~ a1., 

1987). Boulders of 'thrust' Lewisian Gneiss near the 

summit of Slioch similarly imply upward movement of 

ice of at least 300m over a horizontal distance of 

not more than 4km. These and other high-level 

erratics also indicates that at some time ice moving 

westwards over topped these mountains, though the 

occurrence of such erratics in mature mountain-top 

detritus implies that they were emplaced not by the 

last ice sheet but by an earlier and thicker ice 

sheet. Erratics derived from outcrops of Inchbae 

augen gneiss and Strath Rannoch Devonian conglomerate 

and sandstone, both located c.l0km east of the 

present watershed, indicate that the pattern of 

former ice movement in this area may have been 

complex. Augen gneiss erratics occur up to 32km 

north-west of the outcrop and almost lOOkm to the 

east of the outcrop, and Devonian erratics have 

similarly been traced both to the north-west and east 

of their source outcrop. However, striae and 

ice-moulding indicate that the last ice movement in 

the vicinity of both outcrops was eastwards. There 

are three possibilities that may explain the 

apparently anomalous distribution of these erratics 

north-west of the source outcrops. First, the 

ice-shed of the last ice sheet may have been located 

at some time close to the outcrop and subsequently 

migrated to near the present watershed (Peach!l al., 

1912). Second, north-westwards transport of erratics 
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may have occurred during an earlier period of 

ice-sheet glaciation when the former ice divide lay 

farther to the east than was the case with the last 

ice sheet. Finally, augen gneiss erratics in the west 

of the study area may represent remanie clasts 

derived from a western outcrop of Devonian 

conglomerate. that has been completely removed by 

glacial erosion (Peach et al., 1912). The absence of 

augen gneiss and Devonian conglomerate erratics from 
.. 

the summit area of Ben Wyvis (Peach !! a1., 1912; 

Figure 6.1) has significant implications for former 

patterns of ice movement in the area to the east of 

the present watershed. There are again three 

possibilities. First, the mountain may have formed a 

significant centre of ice dispersion throughout the 

last ice maximum. Second, ice derived from the area 

to the west of the Inchbae outcrop (and therefore 

devoid of augen-gneiss erratics) may have over topped 

the mountain, whilst ice bearing augen-gneiss 

erratics deposited these around the flanks of the 

mountain. Finally, the summit of the mountain may 

have formed a nunatak above the surface of the last 

ice sheet. The las t-men tioned in terpre ta tion is, of 

course, consistent with the occurrence of a thick 

mantle of mountain-top detritus on the broad summit 

ridge of Ben Wyvis. 



6.3.2. Striae and ice-scoured bedrock. 

Whilst finely-detailed evidence of former ice 

abrasion in the form of striae, friction cracks and 

crescentic gouges related to ice movement during the 

Wester Ross Readvance is remarkably well preserved on 

some rock types, including Torridon sandstone and 

Cambrian Quartzite (Plate 6.2), on other rock types, 

particularly Moine schists and Lewisian gneiss, such 

evidence is often ex tremely di f f icul t to iden ti fy 

(Plate 6.3). Frequently, such evidence of former ice 

movement may be confused with foliation structures in 

both schis ts and gneiss, and the surfaces of these 

lithologies are often so weathered that small-scale 

abrasion features have not been preserved. 

The general orientation of striae in the study area 

provides further evidence that the last ice movement 

was north-westwards across much of the area to the 

west of the Moine Thrust, that ice movement in the 

east of the study area was eastwards or 

south-eas twards and tha t the former ice divide was 

located in the vicinity of the present watershed 

(Peach et aI, 1912, 1913a; Figures 6.2 to 6.4). 

However, the orientations of striae also indicate 

that locally ice-flow directions were strongly 

influenced and controlled by bed topography. For 

example, significant local deflection occurred around 

mountain massifs in both the west and east of the 

study area (e.g. An Teallach, Slioch and Ben Wyvis) 
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Plate 6.2. Ice-scoured outcrop of foliated Lewisian 
Gneiss that occurs near the summit of Creag-Mheall Mor 
(628m, NG 993 815). Altnough the outcrop is clearly ice 
scoured, detailed evidence of former ice movement is 
obscured by differential erosion of the outcrop. 



Plate 6.3. Finely-detailed evidence of former ice 
movement, including striae and friction cracks, 
indicating ice movement from r ight to left across tOis 
outcrop of Cambrian Quartzite in the area to the east of 
An Teallach. 
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and ice-streams appear to have followed the major 

structural troughs. 

Ice-moulded bedrock features including roches 

mou tonnles (p la te 6.4), wha lebacks, and ice- scoured 

rock surfaces, may also be used to reconstruct basal 

ice-flow directions. The distribution and orientation 

of ice-moulded and ice-scoured bedrock outcrops in 

the study area are recorded on the geomorpho logical 

maps in Chapter 4. Such forms have been employed here 

to indicate the general direction of former ice 

movement in areas where striae and distinct erratics 

are absent. 

6.3.3. Ice divides, ice centres and ice flow 

directions. 

The general characteristics of ice movemen t 

associa ted wi th the las t ice shee t tha t have been 

identified from the distribution of erratics and the 

orientation of striae, ice-scoured bedrock and 

ice-moulded landf arms are summar ised in Figure 6.5. 

The only evidence tha t conflic ts wi th this general 

pattern is that of the Inchbae augen gneiss and 

Devonian erratics that occur north-west of the source 

ou tcrop (see above). In general, the evidence 

indica tes that al though a maj or north-wes t to 

south-east ice divide existed in the vicinity of the 

Seinn Dearg Massif and the Fannich Mountains, a 

number of subsidiary centres of ice dispersion 
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Plate 6.4. Roche moutonn€e landform that occurs beside 
tne Abhainn Beinn nan Eun in the area to the aortn of 
Ben Wyvis (NH 460 735). This feature indicates 
eastwards ice movement in this area. 
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existed, away from which ice moved along major valley 

systems (cf. Phemister, 1960). A major ice centre 

appears to have exis ted in the vicini ty of Lochan 

Fada and a series of ice streams occupied the Loch 

Maree, Fionn Loch, Loch na SeaIga and Li t tIe Loch 

Broom troughs (Figure 6.5). Ice movement in the 

vicinity of Lochan Fada was complex and occurred in 

four major directions: north-eastwards across the 

530m col between A'Mhaighdean and Beinn Tarsuinn into 

Gleann na Muice, north-westwards along the trough 

between Beinn Lair and A'Mhaighdean, south-westwards 

through the trough occupied by Loch Gharbhaig and 

southwards into Gleann Bianasdail to the east of 

Slioch. 

In the centre of the study area significant ice 

centres appear to have developed in the Beinn Dearg 

Massif and Fannich Mountains. Ice from the Fannich 

moun tains moved northwards in to the Loch Broom and 

Little Loch Broom troughs, eastwards down Loch 

Glascarnoch, and south-eastwards into Strath Bran. 

Ice from the Beinn Dearg massif drained 

north-westwards into Loch Broom, northwards into 

Strath Mulzie and eastwards into Gleann Mor. The Ben 

Wyvis massif formed a significant barrier to ice 

movement in the east of the study area and ice 

appears to have been deflected to the north-east and 

south-east around this mountain. Other minor centres 

of ice dispersion may also have developed in the 

study area, particularly in the area to the east of 
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Beinn a'Chaisteil and in the lee of the Beinn Wyvis 

Massif (Figure 6.5). 

6.4. The former vertical dimensions of the last ice ----
sheet in northern Ross-shire 

In this section trimzone data derived from detailed 

geomorphological mapping of the study area as 

outlined in Chapter 4 is used to reconstruct the 

altitude of the surface of the last ice sheet ·at its 

maximum extent. First, the method of estimating the 

approximate altitude of the former surface of the 

last ice sheet is outlined. Second, a 

three-dimensional contoured reconstruction of the 

former ice-sheet surface is presented. 

6.4.1. Estimating the altitude of the former ice 

surface. 

Assuming tha t the al t i tude of the older trimzone 

reflects that of surface of the last ice sheet at its 

maximum thickness, the altitude of the former 

ice-surface may be estimated from the altitudinal 

distribution of in situ mountain-top detritus and 

ice-scoured bedrock, which represent respectively the 

maximum and minimum possible altitudes of the former 

ice surface. However, the precise maximum altitude of 

the former ice surface within the altitudinal range 

of a trimzone is usually unknown. For example, on a 

mountain where the lower limit of in situ 
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moun tain-top detri tus occurs at 650m and the upper 

limit of ice-scoured bedrock occurs at 550m, the 

surface of the last ice sheet at its maximum extent 

may have lain anywhere within this altitudinal range, 

though in many instances the altitude of the former 

ice-sheet surface may be cons trained wi thin a range 

determined by evidence from neighbouring mountains. 

Inevitably, however, the altitudinal range of 

trimzone data implies that a series of possible 

configurations may represent the former surface 

profile of the last ice sheet (Figure 6.6). 

Altitudinal constraints on the former surface of the 

last ice sheet as derived from trimzone data on 

mountains in the study area are presented in Figures 

6.7 to 6.9. These data may be used to reconstruct two 

dimensional profiles across the former ice sheet 

(Figure 6.10) or to reconstruct the three dimensional 

configuration of the ice-surface using contours (see 

below) • 

Two dimensional ice-surface profiles reconstructed 

across mountains in the west of the study area are 

illustrated in Figure 6.10. The altitude of the 

former ice surface appears to have risen from between 

530m and 600m in the vicinity of Beinn a 'Ch~isgein 

Beag to between 700m and SOOm around Beinn 

a' Chaisgein M6r and to a maximum al ti tude of up to 

940m in the vicinity of A'Mhaighdean (Figure 6.10a). 

Ice-scoured summi ts may also be used as approxima te 
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trimzone data for two dimensional transects across 
mountains in tne west of the study area. Location of 
transects in Figure 6.1. 
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controls for reconstructing the altitude of the 

former ice sheet in two dimensions. For example, the 

ice-sheet surface may be estimated to have lain 

between 670m and 703m on Seinn Airigh Charr and 

between 700m and 800m on Beinn Lair, but must have 

exceeded 720m in the vicinity of the summit of Meall 

Mh'einnidh since this summit is ice-scoured (Figure 

6.10b; Plate 6.5). 

6.4.2. Reconstructing the ice-sheet surface. 

There are two factors that strongly influence the 

reconstruction of ice-surface contours from trimzone 

data. First, the precise altitude of the equilibrium 

line of the former ice sheet is unknown. The absence 

of lateral moraines relating to the ice-sheet maximum 

on mountains in the study area strongly suggests that 

the ice surface lay above the equilibrium line in 

this area since lateral moraines associated with 

present glaciers, ice fields and ice sheets generally 

occur in the ablation zone, below the equilibrium 

line. As a result, reconstructed ice-surface contours 

should curve up-glacier towards the source areas in 

the cen tres of ice dispersion, a t leas t in areas 

where the configuration of individual ice streams was 

subject to strong topographic control. Second, the 

orientation of striae, roches moutonnees and 

ice-scoured bedrock imposes cons train ts on the 

placing of ice-surface contours, which must cross 
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Plate 6.5 . View eastwards from tne summit of Beinn 
Airigh Charr (791m, NG 930 762). To the right are the 
frost - shattered summits of Slioch (far distance) and 
Beinn Lair (middle distance) . The summit of Meall 
Mneinnidh (720m, NG 95~ 7~8), between Beinn Latr and 
Beinn Airigh Charr, is ice scoured. The causeway 
between Fionn Locn and Dubh Loch to the left of the 
picture is formed by the end moraine of a former Loch 
Lomond Readvance glacier that occupied tne area between 
Ruadh Stac MOr and A'Mnaighdean (middle distance to t.he 
left). 
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such ice-directional features at approximately 90° to 

the indicated direction of former ice movement. 

Since by far the best-developed older trimzones 

associated with the last ice sheet occur in the west 

of the study area (see Chapter 4), a reconstruction 

of the vertical dimensions of the last ice sheet was 

a t tempted ini tially for this area • Ice-surface 

contours were reconstructed at 50m intervals using 

the data in Figure 6.7. The reconstruction indicates 

that the former ice-sheet surface rose 

south-eastwards in altitude across this area from 

between 530m and 600m on Beinn a' Chaisgein Beag to 

between BOOm and 900m in the vicinity of Lochan Fada 

and Mullach Coire Mhic Fhearchair (Figure 6.11). As 

ice moved north-westwards from the plateau area 

between Beinn a' Chaisgein Mar, Beinn Dearg Mar and 

Ruadh Stac Mor, into the glacial troughs to the 

north-west, ice gradients appear to have slightly 

increases (from c.1.2° to £.1.8°), but the contours 

also suggest a slight lessening of former ice-surface 

slope as the ice spread over the lower ground farther 

north-wes t. In addi tion, signi f ican t northward ice 

f low from the Torridon area and Loch Maree trough, 

identified from the orientation of striae between 

Beinn Airigh Charr and Beinn Lair, probably 

influenced ice movement in the vicinity of Fionn 

Loch. 
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Figure 6.11. Reconstructed ice-surface contours in 
west of tne study area. 
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Reconstruction of the surface dimensions of the last 

ice sheet over the whole of the study area proved 

more difficult since older trimzones are poorly 

developed on mountains underlain by Moine schists 

(see Chapter 4) and there are fewer mountain summits 

that support thick in situ mountain-top detritus in 

the cen tre and eas t of the area (Figures 6.8 and 

6.9). Furthermore, the precise limits and extent of 

Loch Lomond Readvance glaciers in the Beinn Dearg 

massif and eastern Fannich Mountains are currently 

the subject of re-investigation. Loch Lomond 

Readvance glaciers in these areas may have been much 

more extensive than has previously been believed (see 

Chapter 7), and this introduces some uncertainty as 

to the interpretation of the age of some trimlines in 

these areas. Nevertheless, trimzones developed on 

mountains outside the limits of Loch Lomond Readvance 

glaciers in the cen tre and eas t of the study area 

indicate that ice-surface altitudes were greatest in 

the the Beinn Dearg massif and the Fannich Mountains 

(Figure 6.12). Ice-surface contours in the centre and 

east of the study area may also be interpolated 

(though with less confidence than in the west) from 

the minimum altitude of in situ mountain-top 

de tri tus, from the maximum al ti tude of ice-scoured 

bedrock and from ice-directional features. Such 

interpretation indicates that the former ice-surface 

declined in altitude eastwards and confirm that Ben 

Wyvis formed a nunatak above the former ice surface 

(Figure 6.12). 
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6.5. Summary and assessment of trimzone formation 

A distinct an abrupt periglacial trimzone may be 

identified on mountains in northern Ross-shire 

outside and usually well above the former limits of 

Loch Lomond Readvance glaciers. This trimzone 

consists of a narrow zone, sometimes only a few tens 

of metres in altitude, separating in situ mountain

top detritus and frost weathered bedrock from ice

scoured bedrock. The zone often contains either mass

moved mountain top detritus or shallow incipient 

mountain-top detri tus probably derived from limi ted 

frost weathering in situ. This trimzone declines in 

altitude to both the east and west of the present 

watershed and may be interpreted in terms of two 

alternative modes of formation, as follows: 

(1). Trimzones may have developed in association with 

trimline formation as a result of an ice advance, 

such as the Wester Ross Readvance (cf. hypothesis 1, 

Chapter 4), an earlier readvance (cf. hypothesis 2, 

Chapter 4), or the advance of the last ice sheet to 

its maximum extent (cf. hypothesis 3, Chapter 4). In 

chapter 4 the significance of these hypotheses were 

examined. Hypothesis 1 may be rejected on the grounds 

that thick frost-weathered detritus did not develop 

immediately outside the limits of the Wester Ross 

Readvance (e.g. on Baosbheinn and An Teallach; see 

section 4.4.1). Hypothesis 2 also appears unlikely 

unless bedrock surfaces were exposed to periglacial 

283 



weathering for a considerable time period prior to 

the readvance that formed the trimzone. Nevertheless, 

hypothesis 2 cannot be ruled out entirely, though 

there is as yet no independent evidence for an ice 

shee t re advance prior to the Wes ter Ross Readvance. 

However, the occurrence of clay minerals in mountain

top soils that are thought to have been derived from 

pre-Late Devensian weathering tends to rule out 

hypothesis 2 (Chapter 5). The simplest and most 

plausible ice advance hypothesis is hypothesis 3. 

According to this hypothesis a 

around those mountain summits 

trimline developed 

that remained as 

nunataks above the former surface of the last ice 

sheet. 

(2). The second possible mechanism of trimzone 

formation is that trimlines developed beneath the 

last ice sheet in association with a critical 

thickness of cold-based ice that protected its bed 

and allowed the preservation of mountain-top detritus 

in situ (cf. hypothesis 4, Chapter 4). According to 

this hypothesis trimlines developed beneath a large 

dome-shaped ice sheet at the transition from warm

based to cold-based ice. This ice sheet is assumed to 

have covered all mountain summits completely during 

the last ice maximum. 

Much of the evidence for and against the two 

al terna tive hypotheses outlined above is ambiguous. 

For example, the occurrence of high-leve 1 erra tics 
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incorporated in mountain-top detritus on mountains in 

the west of the study area may be interpreted in two 

contrasting ways. According to hypothesis 3, high 

level erratics were deposited by an earlier and 

thicker ice sheet than the last ice sheet (cf. Figure 

4.26). Erratics, therefore, would have been 

incorporated in mountain-top detritus as a result of 

sub-aerial cryoturbation on mountain summits that 

formed nunataks above the surface of the last ice 

sheet. Alternatively, according to hypothesis 4, 

high-level erratics would have been transported 

across mountain summits that were covered by cold

based ice as a result of regelation as the ice passed 

from a warm-based regime to a cold-based regime 

(Sugden and Watts, 1977). Erratics, therefore, would 

have become incorporated in mountain-top detritus 

after the last ice sheet down-wasted and summits were 

exposed to intense frost weathering. Subsequent 

intense cryoturbation would also have occurred during 

the Loch Lomond Stadial. 

The present dis tribution of supposed 'inheri ted' 

clay minerals in mountain-top soils on frost

shattered mountain summits may also be interpreted in 

two contrasting ways (cf. Chapter 5). First 

'inheri ted' clay minerals may have remained in situ --
on mountain summits which remained as nunataks above 

the former surface of the last ice sheet. Second, 

residual weathering covers may have remained 

protected beneath thin cold-based ice that was 
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incapable of eroding its bed. However, until more is 

known about the interpretation of 'inherited' clay 

minerals in terms of conditions of formation and time 

of formation, this evidence remains equivocal (see 

discussions in Chapter 4). 

Nevertheless, there are several cri tical lines of 

evidence which appear to imply that hypothesis 3 is 

more likely to explain the formation of trimzones 

than hypothesis 4, as follows. 
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(1). The fact that the periglacial trimzone occurs as 

a sharp boundary separating in situ mountain-top 

detri tus from ice-scoured bedrock, particularly on 

mountains in the west of the study area such as the 

slopes of Beinn a'Ch~isgein Mar (Plate 4.5) is 

difficult to explain in terms of hypothesis 4. In 

particular, it appears unlikely that the boundary 

separating cold-based ice from warm-based ice would 

have remained s ta tic benea th the las t ice shee t 

during periods of ice build-up and ice-sheet wastage. 

It may be postulated, therefore, that the trimzone 

should occur as a diffuse zone if they reflect the 

transition from zones of basal freezing to zones of 

basal melting. 

(2). The occurrence of in situ mountain-top detritus 

on fairly sharp ridge crests such as the summit area 

of Mullach Coire Mhic Fhearchair or the eastern spurs 

of An Teallach is also difficult to explain in terms 



of hypothesis 4 since it is difficult to envisage the 

development of static cold-based ice in such 

locations. 
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(3). In situ mountain-top detritus occurs both on the 

summits of mountains in the vicinity of the present 

watershed (e.g. the Beinn Dearg massif, l084m and 

Fannich mountains, lllOm) and on the summits of 

mountains of similar altitude in both the west and 

east of the study area (e.g. An Teallach l062m, 

Slioch 980m in the wes t and Ben Wyvis l046m in the 

east). This distribution is very difficult to explain 

in terms of hypothesis 4 unless the former ice sheet 

remained of a constant thickness throughout the 

entire study area. This configuration appears highly 

unlikely, however, since most present-day ice sheets 

thicken towards ice sheds. However, if the last ice 

sheet thickened in the vicini ty of the former ice 

shed then it may have been too thick to allow the 

formation of cold-based ice which preserved mountain

top detri tus in this area. Conversely, if the ice 

sheet were thin enough to allow the preservation of 

mountain-top detritus near the ice shed, then 

mountain summi ts in the eas t and wes t of the study 

area may have remained as nunataks above the former 

ice surface. This latter possibility may imply that 

trimlines developed benea th cold-based ice near the 

former ice shed whilst trimlines developed around 

nunataks in the east and west of the study area. 
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(4). The possibility that limited abrasion and 

fracture could theoretically occur beneath cold-based 

ice (cf. Sugden, 1978; Shreve, 1984; Drewry, 1986) 

implies that significant if limited basal erosion 

could occur beneath cold-based ice over a 

considerable time period. There is, however, no 

evidence of any such ice-sheet modification of 

mountain-top detritus on summits in the study area, 

though the possibili ty that such evidence may have 

been obscured by lateglacial frost shattering cannot 

be ruled out. 

On balance, therefore, the available evidence 

described above appears to favour the interpretation 

of the boundary between ice-scoured bedrock and 

mountain-top detritus on mountains in northern Ross

shire in terms of a trimzone representing the former 

surface of the last ice sheet. Nevertheless, this 

interpretation does not exclude the possibility that 

some thin cold-based ice caps developed independently 

above the general level of active warm-based ice and 

contributed to the mass-balance of the last ice 

sheet. 

6.6. Implications of the trimzone concept 

The reconstruction of the last ice sheet in northern 

Ross-shire from altitudinal data derived from 

trimzones presented in this chapter (Figure 6.12) is 

based on the assumption that the sharp boundary 



separating in situ mountain-top detritus from ice 

scoured-bedrock represents the approximate al ti tude 

of the last ice sheet when it was at its maximum 

ex ten t. In this recons true tion it is clear tha t the 

configuration of the former ice-sheet surface implied 

by trimzone data is entirely consistent with 

independent evidence of the former directions of ice 

movement associated with the last ice sheet. If the 

concept of trimzone and trimline development in 

association with the advance of the surface of the 

last ice sheet is valid (see section 6.6 below) then 

there are several implications for future 

reconstructions of the las t ice sheet in Northern 

Scotland, as follows. 
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(1). It is clear from ice-directional features as 

well as trimzone da ta that the las t ice shee t may 

have consisted of a number of discrete centres of ice 

dispersion and did not have a simple symmetrical 

configuration. Evidence from ice-directional features 

in Mull, Skye and the Western Grampian Highlands 

(Phemister, 1960; Thorp, 1987) suggest that similar 

centres of ice dispersion may have developed 

elsewhere in Scotland during the Late Devensian 

ice-sheet maximum. As a result, ice-sheet 

reconstructions which assume that the last Scottish 

ice sheet consisted of a single ice dome centred in 

the vicinity of Rannoch Moor and extending northwards 

along the line of the present watershed (e.g. Boulton 

!! al., 1977, 1985; Gordon, 1979; Andersen, 1981), 



are probably oversimplified. The development of 

discrete centres of ice dispersion also raises the 

possibility that differences in the relative 

s treng ths of such ice 

responsible for the 

north-westwards carry of 

northern Ross-shire. 

cen tres may have been 

apparently anomalous 

augen gneiss erratics in 

(2). Trimzone data indicates that ice-surface 

gradients increased 

dispersion, which is 

towards former centres of ice 

inconsistent with theoretical 

ice-sheet reconstructions that assume that the former 

ice sheet profile approximates to a parabola if it 

were in equilibrium. This configuration may simply 

reflect the fact that the ice sheet was not an 

unconstrained ice mass because of the influence of 

local relief on former directions of ice movement. 

Additionally, the higher parts of the ice sheet may 

have been concave because ice was flowing into ice 

streams from individual mountain massifs. However, it 

may also be possible that the last ice sheet failed 

to achieve an equilibrium condi tion. If this were 

the case J it would appear to imply tha t ice-shee t 

build up was interrupted by a change in climatic 

conditions such as a thermal amelioration or, more 

likely a reduction in snowfall consequent on the 

southwards migration of the oceanic Polar front 

before it had time to achieve equilibrium. 
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(3). The relatively steep north-westwards decline of 

the former ice-sheet surface in the west of the study 

area may also imply tha t the ice shee t may have 

terminated a short distance offshore. However, if the 

ice sheet was confluent wi th Outer Hebrides ice in 

the Minches, this implies that a marked decrease of 

ice-surface gradients occurred offshore, possibly as 

a result of deformation of subglacial sediments (cf. 

Boulton and Jones, 1979). 

(4). It should be noted that the development of thin, 

inactive ice caps on the higher mountain summits that 

remained above the ice-sheet surface cannot be ruled 

out (cf. Hypothesis 4, Section 4.4.4). The 

development of such small ice caps on former nunataks 

does not, however, invalidate the general 

reconstruction presented in Figure 6.12. 
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(5). Finally, it is notable that the general decline 

in trimzone altitudes away from the present watershed 

and the good agreement between this pattern of ice 

movement as indicated by erra tics, striae and 

ice-moulded bedrock is in itself strong evidence in 

favour of the interpretation of the older trimzone as 

representing the maximum altitude of a former 

ice-sheet surface. Northern Scotland during the Late 

Devensian may have closely resembled the nunatak 

areas that occur at the margins of the present-day 

Greenland and Antarctic ice sheets, where fringing 

mountain ranges channel ice flow into a series of 



large, strongly transecting outlet glaciers (e.g. 

Drewry 1983). 

6.7. Summary 

Although there is uncertainty regarding the 

interpretation of trimzones on mountains in northern 

Ross-shire, if it is assumed the the trimzone 

developed as a result of trimline formation above the 

former surface of the last ice sheet (hypothesis 3), 

then the former ice surface may be reconstructed 

from the al ti tudinal dis tri bu tion of in situ 

mountain-top detritus and ice-scoured bedrock, which 

are interpreted as representing respectively the 

maximum and minimum poss ible ice-surface al ti tude. 

Using trimzone data and evidence of former ice 

movement from the distribution of erratics and the 

orientation of striae, roches moutonnees and 

ice-scoured bedrock, the surface contours of the last 

ice sheet in northern Ross-shire have been 

reconstructed. This reconstruction indicates that the 

las t ice sheet took the form of a topographically 

constrained ice field rather than an unconstrained 

ice shee t. I t is also possible tha t the las t ice 

sheet failed to achieve an equlibrium condition, 

possibly due to climatic factors. Therefore, the 

precise margins of the last ice sheet cannot be 

determined by trimzone evidence alone. However, 

trimzone evidence is consistent wi th the sugges tion 

that nunataks remained above the surface of the last 
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ice sheet if the ice sheet terminated in the Minches 

in the east and Moray Firth in the west. Finally, the 

possibility that cold-based ice developed on mountain 

summits in the study area during the last ice maximum 

cannot be ruled out completely, though available 

evidence indicates that such a possibility is 

unlikely. 
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CHAPTER 1..... ~ beyenaian ~agial readyanges J.D. northern 

Ross-shire 

~ Introdugtion 

Several authors have noted the presenoe in northern 

Ross-shire of end moraines or other geomorphological 

evidenoe indioative of the occurrence of an advanoe or 

readvanoe of looal glaoiers after the last ioe-sheet 

maximum (e.g. Peaoh.At..&1.., 1912; Peach.At..al., 1913a; Kirk 

.At. .&1.., 1966). Following detailed mapping of parts of this 

area, Sis80ns (1977a) inferred that oorrie and valley 

glaoiers (for the most part clearly delimited by end and 

lateral moraines) had developed in most of the major 

massifs of northern Ross-shire during the Looh Lomond 

Stadial of ~.11-10 ka. B.P., though tnis interpretation 

was largely unsupported by stratigraphio or 

biostratigraphio evidenoe. However, within this area a 

number ot former glaoial limits are knOWn to ooour well 

outside the LOCh Lomond Re advanoe limits reoognised by 

Sissons, most notably in the v10inity of Aobnaabeen 

(Sis80ns, 1982b) and in Strath Vaich and Strath Rannoch 

(Sissons, in Sutherland, 1984). The interpretat10n of 

these features as pre-dating the Looh Lomond Stadia! is 

somewhat questionable, however, sinoe a Loch Lomond 

Readvance age tor at least some ot these teatures oannot 

always be exoluded on the present stratigraphio or 

IIOrphostratigraphio evidenoe (Ballantyne .At. Al.., 1987; see 

cbapter 3). 
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The present-ohapter ohapter falls into three main 

seotions. In the first, field methods employed in the 

identifioation of former glaoial limits in northern 

Ross-shire are outlined. The seoond seotion oonsiders the 

distribution, age and signifioanoe of ioe-marginal moraines 

and other evidenoe of former ioe limits identified outside 

those oonsidered by Sissons (1977a) to represent the extent 

of the Looh Lomond Readvanoe in this area. The final 

seotion reassesses the validity of Sissons' reoonstruotion 

in the light ot new evidenoe oonoerning the distribution, 

dimensions and oaloulated equilibrium line altitudes ot 

oontemporary glaoiers. 

~ Field methods 

The locations ot former ioe limits in northern 

Ross-shire were established tnrough detailed 

geomorphological mapping using 1:25,000 soale Ordnanoe 

Survey maps. The lateral extent of former readvanoe 

glaciers was determined by mapping end moraines, lateral 

moraines. and drift limits. and from the extent of spreads 

of glacially-transported boulders and the distribution of 

tluvioglaoial teatures. In areas where olear end or 

lateral moraines are absent or are of limited extent, the 

down-valley extent of hummooky dritt has been used to 

provide a minimal estimate of the tormer extent of such 

glaoiers. It is reoognised. however, that hummooky dritt 

is not neoessarily diagnostio of aQy partioular glaoial 

readvanoe. and hence oannot be used indiscriminately as a 

means of defining the extent ot former readvanoe glaciers. 

Direotions ot tormer ioe movement assooiated with readvance 
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glaciers were identified from tbe orientation of striae, 

rocbes moutonnees, outcrops of ice-moulded bedrock and 

fluted or streamlined morBines, and from the carry and 

deposition of erratics. The vertical dimensions of some 

readvance glaciers were also reconstructed, using the 

evidence provided by tr1mlines or tr1mzones at altitudes 

lower than the 'older tr1mzone' identified in previous 

cbapters. The results of the field mapping are 

incorporated in tbe geomorphological maps presented in 

Chapter 4. 

~ Former Slapier limits outside ~ L2aA Lomond 

ReadYinge limits mapped ~ Sis30ns (1977a) 

7.3.1. MorBines to the north of Fioon Looh. 

An extensive area of hummooky morBines, dissected by 

meltwater channels and terminating abruptly eastwards at a 

distinct drift limit, occurs along the upper reaches ot the 

Little Gruinard River, near its outlet from Fioon Loch 

(Figure 7.1). The eastern limit ot these mounds rises 

southwards, but disappears along the north-western slopes 

ot Beinn a' Ch~sgein Beag. Large till ridges, aligned in 

a saw-NNE direotion ooour in the area to tne west of the 

Little Gruinard River and terminate westwards amongst 

ice-moulded Lewisian Gneiss outorops that indicate earlier 

ice-sheet movement in a north-westerlY direotion (Figure 

7.1). 
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The drift limit described above occurs A.4km inside 

tne margin of tne Wester Ross Readvance as mapped by 

Sissons and Dawson (1981). The limit of this readvance as 

identified by these authors consists of an area of 

extremely abundant boulders in tne vicinity of Lochan Fada. 

This merges eastwards and north-eastwards into an area of 

mounds that include linear elements • ••• that are probably 

end moraines· (Sissons and Dawson, 1981, p.116). This 

proposed former glacial limit oontinues eastwards, aoross 

the valley of the Little Gruinard River, in the form of 

•••• a down-valley limit to very abundant boulders located 

slightly over 1km from the coast· (Si8sons and Dawson, 

1981, p.116). 8issons and Dawson were, however, unable to 

identity a former ice limit in the irregular ice-scoured 

terrain to the east of the Little Gruinard River. On 

morphological grounds, therefore, it seems possible that 

the dritt limit north of Fionn Loch described above may 

represent the limit of the Wester Ross Readvanoe in this 

area. However, a raised outwash fan and assooiated raised 

shoreline near the mouth ot the Gruinard River lie ~.4m 

below the Lateglaoial marine limit in tnat part ot Gruinard 

Bay that lay outside the Wester Ross Readvanoe, and this 

evidenoe led 8issons and Dawson to propose that the limit 

ot the readvance extended offshore in the vioinity of the 

Gruinard River, rather than further inland. Furthermore, 

the absence of evidenoe for the Main Wester Ross shoreline 

(correlated with the Wester Ross Readvanoe) from the 

Gruinard Bay and Little Loch Broom areas, implies that ioe 

extended offshore in this area during the Wester Ross 

leadvance (8is8OO8 and Dawson, 1981; Ballantyne .at&. .&L. , 

1981). If this were indeed the oase, then the Wester R08S 
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ice limit identified by Sissons and Dawson along the Little 

Gruinard River is likely to have continued eastwards or 

north-eastwards and extended offshore in the vicinity of 

the Gruinard River, and the drift limit to the north of 

Fioon Looh presumably represents a stillstand or very 

limited readvance that ocourred during glaoier retreat fram 

the Wester Ross Readvance maximum, rather than outermost 

limit of this readvance. 

7.3.2. Slioch Moraine. 

In the area to the north-west of the summit ot Sliooh, 

a distinct lateral moraine between grid referenoe NG 991 

699 and NO 995 699 desoends in a west-north-westerly 

direotion fram ~.500m to ~.420m above sea level and defines 

the south-western limit of a former ioe mass that oooupied 

the Loch Garbhaig and Lochan Fada troughs (F1gure 7.2; 

Plate 7.1). This moraine, oonsisting of a dist1not ridge 

of till ~.500m long, 30m broad, and trending south-east to 

north-west, rises up to 15m above surrounding 1oe-sooured 

Lewisian Gne1ss outcrops. Boulders of both Torridon 

Sandstone and Lewisian Gneiss ooour on the surfaoe of the 

moraine, whioh term1nates abruptly in ioe-sooured terrain 

at its downalope end. The south-eastern limit of the 

moraine is more d1ffioult to identity. The moraine ourves 

gradually eastwards at its south-eastern end, and is 

continued eastwards for some distanoe by a d1stinot drift 

limit that abuts the steep slopes to the north-west of 

Sl10eh. The oontinuation of this limit oould not be traoed 

to the north of S11oob, and no oorrespond1ng moraine or 

dr1ft limit OOuld be identified on the slopes north-west of 
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Plate 7 . 1. View west from the summit of Slioch (980m, 
NH 005 689). A distinct lateral moraine ~.500m in 
length can be seen in the centre of the plate. To the 
left of tne moraine is an area of ice- transported 
Torridon Sandstone erratics that probably formed as a 
med~al concentration of debris as tne last ice sheet 
passed around Slioch. 

-. 
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the Abha1nn na Furneis (Figure 7.2). 

The age and significanoe of the the Slioch moraine is 

uncertain. Since the moraine lies well inside the limit of 

the Wester Ross Readvance (cf. Rob1nson and Ballantyne, 

1979), which reaches a similar altitude at Baosbhe1nn, ~.14 

km to the west (Ballantyne, 1986a), the moraine must have 

been deposited after the culmination of that readvance. 

There appear to be three possibilities as to the age of the 

Slioch moraine. First, it may represent an entirely local 

readvanoe or stillstand associated with the retreat of the 

last ice sheet from the Wester Ross Readvance limit. 

Second, the moraine may have developed during the 

Achnasbeen Readvance postulated by Sisaons (1982b), an 

event likely to have post-dated the Wester Ross Readvanoe, 

but according to Sisaons, pre-dated the Loch Lomond 

Readvance, even though there is at present no independent 

stratigraph1c evidence to rule out a Looh Lomond Readvance 

age for this event (Ballantyne ~AL., 1987; see Chapter 

3). Third, the Slioch moraine may represent the limit of 

the Loch Lomond Readvance in this area. If this last 

possibility is correct, it implies that glacier ice was 

much more extensive in the vicinity of Slioch than is 

implied by Sisaons' (1971a) mapping. 

To the south of the moraine described above, a 

distinct belt of Torridon Sandstone erratios trends ESE-WNW 

across outcrops of ioe-sooured Lewisian Gneiss (the 

'ice-transported boulders' marked on Figure 7.2; Plate 

7.1). As Sliooh itself is oomposed or Torridon Sandstone, 

these erratics probably represent a medial concentration ot 

debris that initially aooumulated at the confluence or ioe 
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streams passing westwards around the mountain, and were 

deposited as the ioe downwasted. 

7.3.3. Strath Vaioh and Strath Rannooh Moraines. 

Extensive lateral IDOraines and drift limits ooour at 

the moutos of Strath Vaioh and Strath Rannooh (Peaoh ~ 

~., 1912; [irk ~Al., 1966; Sutherland, 1984; Sissons, in 

Sutherland, 1984). Flights of outwaah terraoes are 

assooiated with the terminus of the glaoier that former11 

occupied Strath Vaioh, and eskers also ooour within this 

limit. Some 16lcm north-west of the Stratb Vaioh moraines a 

further distinot drift limit was reoognised b1 Sissons (in 

Sutherland, 1984) in Gleann Mor. 

The glaoial depos1tioaal landtorms in Strath Vaich 

comprise a series of lateral IDOraines, drift limits and 

areas of hummockJ drift (Figure 7.3). The western margin 

of the the glaoier that former11 oooupied this glen is 

defined b1 a clear lateral IDOraine ~.10m broad and rising 

up to 5m above the surrounding peat-oovered terrain. This 

moraine can be traoed north-westwards for ~.4lcm along the 

slopes Meal 1 an Tuim Bhain to an al ti tUde of ~. 400m, but 

peters out on the hillside above the southern end ot Looh 

Vaich, where olosed rook depressions and a small loohan 

mark the location ot a large reliot landslide (Ha 34 75; 

Figure 7.3). The limit ot the former ioe mass on the 

eastern slopes of Stratb Vaioh is marked b1 the upslope 

limit to an area of hUllUllOokJ dritt on the slopes of Sithean 

Breao (NB 371 723; Figure 7.3). This limit oan be traoed 

1ntera1ttentll around ot ereag Bhreao M6r (NB 371 733) and 
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along tile slopes to the east of Creag Bhreac Bheag (NH 376 
°0· 

729), and from there into Strath Rannoch. 

A series of outwasn terraoes in lower Strath Vaioh 

occur adjacent to the former glacier terminus. (Figure 

7.3). At the southern margin of the highest terraoe a 

series of low mounds apparently represents the terminal 

moraine of the former glaoier. This high terraoe may have 

developed as the ioe retreated and meltwater was ponded 

back behind the moraine. A lower terraoe downvalley trom 

the moraine seems likely to have tormed as meltwater 

inoised the morainio dam. Terraoes turther upvalley may 

also be related to short-lived morainio dams. However, a 

seotion in the highest terraoe reveals till overlying 

outwash sediments, which suggests that the retreat of this 

glacier was interrupted by at least one minor readvanoe of 

the tormer glaoier snout. 

A distinot lateral moraine, known as Druim Cruaidh, 

marks tile western extent of the glacier that tormerly 

oocupied lower Strath Rannooh (Figure 7.3). The tormer 

eastern margin of the same glaoier is defined by a clear 

upper limit of large till mounds and ridges disseoted by 

a81 twater channels. A similar upper limit to drift mounds 

ooours on the slopes south-west ot Meall nan MW.laoh just 

below 500m, and probably represents an up-valley 

oontinuation of the same former ioe margin (Figure 7.3). A 

long drift ridge on the western flank of Carn nan Aigbean 

(BB 386 785) has previously been described either as a 

lateral moraine (PeaOh.ltc..il..., 1912) or &8 an esker (Kirk 

.Itc. .il... , 1966) • This teature is almost 3km long ana 

oonsists ot a kettled terraoe or benoil with a low ridge on 
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its eastern side, and rises ~.10m above the valley floor, 

but is at muoh too low an altitude to represent the 

oontinuation of the drift limit desoribed above. A drift 

limit farther upslope m&J, however, represent a reoessional 

stage in the retreat of the former Strath Rannooh glaoier 

from the Druim Cruaidh limit. 

Kirk .At. Al.. (1966) suggested that the mor81nes in 

Strath V810h and Strath Rannooh were formed during the 

'Gharbhr81n Stage' (i.e. Looh Lomond Readvanoe) but 

Sissons (in Sutherland, 1984) oonsidered that this was 

unlikely beoause the dimensions of the ice maasea implied 

by these limits appeared to him inoonsistent with those ot 

other Looh Lomond Readvanoe glaoiers that he mapped in this 

area. This argument is oiroular, however, and on the basis 

ot present evidenoe a Loch Lomond Readvanoe age oannot be 

ruled out tor the Strath V810h and Strath Rannoch mor81nes. 

If these ioe limits are indeed ot LoOh Lomond Readvance 

age, one implioation is that glaoier ioe at that time was 

very muoh more extensive in the area to the east ot Beinn 

Dearg than Sissons believed (aee seotion 7.4). 

In Gleann McSr, some 16km NW ot the Strath V810h 

glaoier limits, a very distinot upalope limit to thiok 

disseoted dritt desoends eastwards to the valley floor at 

NB 416 873 (Sutherland. 1984; Ballantyne ~ &l •• 1987) and 

represents the northern margin of the ioe maaa that 

terminated at the mor81nes in lower Strath Vaioh and Strath 

Rannoch. No evidenoe was found, however. tor tormer 

glaoier margin positiona on the intervening h1gll ground. 
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7.3.4. Achnasheen Readvance limits. 

The Achnasheen moraines were first described by Peach 

.n. .al. (1913b) 1n associat10n with the formation of a 

glac1er-dammed lake 1n 8trath Bran, and were subsequently 

mapped 1n deta11 by Sissona (1982b). These moraines def1ne 

the termini of four 1ce masaea: (1) 1ce that advanced 

north-eastwards up Strath Carron and terminated about 1km 

from the village of Achnasheen; (2) 1ce that moved 

eastwards and terminated 1km weat of Achnasheen; (3) a 

small local glac1er that descended from a shallOW corr1e on 

the south-east slopes of F100n Bhe1nn; and (4) a broad 

piedmont lobe that 1ssued southwards from the area now 

occup1ed by Loch Fannich and apread acroaa Strath Bran. 

That the last-ment10ned at leaat representa a readvance 

(termed by 8issona the Achnaaheen Readvance) is 

demonstrated by lake aed1ments 

deposits. Accord1ng to S1asons 

underlying &lacigenio 

(1n Sutherland, 1984) a 

former 1ce limit that he ident1f1ed on the southern shorea 

of Loch Fannich marka the northern cont1nuat10n of the 

margin of the ice mass that fed the Strath Bran p1edmont 

lobe at the oulminat10n ot the 'AohnaBbeen Readvanoe'. 

However, desp1te the faot that th10k dritt deposita are 

exposed along the shores ot Looh Fannioh, re-mapping 1n the 

course of the present atudy revealed no evidence tor 

81s80ns' suppoaed tormer 10e limit 1n th1s area (F1gure 

4.20). Moreover, as noted by Ballantyne ~ &L (1987, 

p.26), Sissons' suggest10n that the Aohnasheen Readvanoe 

mar be oorrelated with the Wester Ross Readvanoe 1s 

inoonsistent w1th the ev1dence for a former 10e-Bbed 1n the 

v101nity of the Fannich It>untaina, and there 1s no 
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stratigraphio and morphostratigraphio evidenoe that rules 
". 

out a Looh Lomond Readvanoe age tor the Aohnaabeen 

moraines. It the 'Aonnasheen Readvanoe' does represent the 

Loch Lomond Readvanoe in this area, this again implies a 

muoh greater ioe oover in this area during the Looh Lomond 

8tadial, not only to the south ot the Fannioh Mountains, 

but also outside the present study area to the west and 

south of Aohnasheen. 

7.3.5. The eastern Fannioh Mountains. 

Detailed mapping by 8issons (1977a) indioates that 

there is abundant evidenoe tor the development of former 

readvance glaciers, including small oorrie glaoiers and a 

large complex of ooalesoing oorrie glaoiers, in the eastern 

Faonioh Mountains. Sis80ns' map (Figure 7.4) depiots the 

former termini of his glaoier 58 (below 8gurr Mor) and 

glaoier 62 (below An Coileaohan) as being defined by olear 

end moraines, whilst the southern margin of glaoier 61 is 

marked by both terminal and lateral moraines. The former 

extent ot the glaoier in Glen Li (glaoier 60) proved more 

diffioult to define. 8is8Ons (1977a, p. 54) suggested 

that this glaoier terminated at • ••• the down-valley limit 

of the major area ot large morainio hummooks •• However, 

this limit of hummooky drift oannot be oonsidered 

definitive, sinoe • ••• other groups of morain1o mounds of 

varying degrees of olarity. (Sis8Ons, 1911a, p.54) ooour 

immediately outside this supposed former glaoier limit. 
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Re-mapping of the geomorphologioal evidenoe in the 

eastern Fannioh Mountains (Figure 7.5) strongly suggests 

that the readvance glacier that formerly occupied Glen Li 

was much more extensive than 8issons believed. The eastern 

limit of this former ice mass appears to be defined by the 

outer margin of an area of parallel drift ridges (possibly 

representing annual moraines or orevasse-fill deposits) 

that terminates abruptly on the near-level summit of a low 

hill to the tne south-west of Beinn Liath Hh6r a'Ghiubhais 

Li. The orientation of these ridges and nearby roobes 
, 

moutonnees implies that ioe moving south-eastwards spilled 

over from Glen Li into the upper reaohes of the Allt 

a'Cnoin Idhir, and terminated at the distinot lateral and 

terminal moraines that mark the limit of 8is80ns' glaoier 

61. The northern limit of the glaoier that oooupied Glen 

Li is more diffioult to identify. A drift ridge that 

occurs to the north of the Allt an Looh Sgeirich (NU 250 

724) and a drift limit against the eastern slopes of Beinn 

Liath Bheag probably mark the north-western limit of the 

former glacier, but the position of the glaoier terminus is 

not represented by geomorphological evidenoe. 

In addition to the evidenoe for readvanoe glaoiers 

outlined above, the field mapping suggests that a small 

corrie glaoier developed to the north of the summit Beinn 

Liath Hb6r Fannaioh and terminated against the 

south-western slopes of Beine Liath Bheag (Figure 7.5). 

Tbe north-western margin of this former glaoier is 

delimited by an area Of till lDOunds and the eastern margin 

appears to be defined by a distinot drift limit on the 

southern slopes of Beine Liath Bheag. 
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The age of toe readvanoe represented by the former ioe 

limits identified in the eastern Fannioh Mountains is 

uncertain. Sissons (1977a) suggested initially tbat tbe 

former glaciers developed during the Loch Lomond Readvanoe 

and calculated former equilibrium line altitudes (E.L.A.'s) 

of 847m tor glaoier 58, 675m tor glacier 60, 490m for 

glaoiers 61 and 480m for glaciers 62. Tbe' anomalously' 

low E. L. A. values for glaciers 61 and 62 led Sis80ns to 

suggest subsequently that these former ioe limits may be 

related to an earlier readvance, possibly an ice readvance 

that occurred during ioe-sheet deglaciation (cf. 

Sutberland, 1984, Figure 10). However, the present 

re-mapping of the former glacier limits in tbe eastern 

Fann1ch Mountains appears to confirm the formation of a 

large independent ice mass in Glen Li. Sinoe there is, as 

yet, no stratigraphic evidenoe tbat allows the former ice 

limits in the eastern Fann1ch Mountains to be dated, a Loch 

Lomond Readvance age cannot be ruled out for the 

development of readvance glaciers in this area. This 

possibility is reinforoed by the stratigraphy of a section 

excavated in the vicinity of Loch Droma during dam 

construction work (Kirk and Godwin, 1963). Coarsening 

upwards ot the lithostratigraphic Looh Lomond Stadial 

sequence in this seotion is COnsistent with the approaoh of 

a Loch Lomond Reaclvanoe glaoier aloag Glen Li to within a 

short distanoe ot Locb Droma itself (Sutherland, 1987; 

Figure 7.5). 
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1.3.6. Loch Glascarnoch ice limit. 

S1ssons (in Sutherland, 1984) suggested that evidence 

tor an ice limit could be identified alo~ the southern 

snores of Loch Glascarnooh. Detailed mapping of this area, 

however, showed that the supposed limdt oonsists of a 

series of large till hummooks disseoted by meltwater 

CJlannels (Figure 1.5). These hummooks oan be traoed from 

the shores of Looh Glasoarnooh at NB 310 124 to the slopes 

to tbe north of Beinn Liath Mh6r a'Ghiubhais Li. Thiok 

till and isolated drift mounds ooour outside this supposed 

limit. Sinoe till hummooks alone are not a reliable 

indicator of a tormer ice limit, it follows that there is 

no unequivocal evidence for a former ioe readvanoe limit in 

this area. 

LA... IQA revised dimaDAioDS .Qt.. J.wUl Lomond Readyange 

ilagiers 1A northern ROAs-shire 

1.4.1. The West of the study area. 

Aooording to Sis80ns (1977a), a large transeotion 

valley glaoier oomplex and a series of oorrie glaoiers 

developed in the west Of the study area during the Looh 

Lomond Readvanoe. Re-mapping of former glaoial limits in 

this area indioates that IDOSt of the l1m1ts identified by 

Sis80ns are oorreot (see Chapter 4). However, the lateral 

moraine that oocurs to the north-west of Sliooh raises the 

possibility that glaoier ioe at&)' have oocupied the LOchan 

Fada trough during the Looh Lomond Readvanoe (see seotion 

7.3.3. above; Figure 1.2). The preoise dimensions of the 
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former ice mass in this area are unknown. Re-mapping of 
, 

the area to the south of Sgurr Ban has also revealed that a 

former corrie glacier identified by Sissons to the north of 

the summit of Mullach COire Mbic Fhearcbair (1019mj Figure 

7.6a), may actually nave extended across the col between 

Sgurr B~n and Mullaoh Coire Mbic Fhearohair (Figure 7.6b). 

The dimensions of the former glaoier in this area are 

defined by a distinot lateral moraine that oan be traoed 

for .Q..500m on the southern slopes of Sgurr B~n. An abrupt 

downslope limit of mass--moved mountain-top detritus on the 

southe~n slopes of Sgurr B\n that ooours between ~.850 to 

.Q..900m, may represent the approximate altitude of former 

glaoier surfaoe in this oorrie. Sinoe the 820m 001 between 
, 

Sgurr Ban and Mullaoh Coire Mbio Fhearohair i8 ioe-sooured, 

it is inferred that ioe oooupying this 001 fed both the 

Gleann na I6U.ce glaoier to the west and the muoh amaller 

corrie glaoier to the east (Figure 7.6b). 

7.4.2. The Beinn Dearg Massif. 

Acoording to Sissons (1977a), several small corrie 

glaoiers (glaciers 46, 41, 48 and 49) and a large valley 

glaoier (glaoier 45) developed in the vioinity of Beinn 

Dearg during the Looh Lomond Readvanoe (Figure 7.7). 

However, detailed geomorphologioal mapping of the area to 

the north and east of Beinn Dearg (Figures 4.17 and 4.18) 

suggests that glacier ioe may have been more extensive in 

this area during tbe Loch Lomond Readvanoe. Two 

alternative reconstruotions of former glaoiers in tbis area 

are presented below. 
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A. Mapping according to Sissons (19na). B. Revised mapping. 
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Figure 7.6. The possible dimensions of a former Looh 
Lomond Readvance glacier in the vicinity of Sgurr B~n. 
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Figure 7.8. The revised dimensions of former Loch 
Lomond Readvance glaciers in the area to the north of 
Beinn Dearg. Mapping of the distribution of 
mountain-top detritus, tr1mzones and the orientation 
ice-scoured bedrock in this area indicates that a small 
ice cap may have developed, draining into glaciers 45, 
48 and 49. 
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The first, more limited reconstruction of former 

glaoiers is based on mapping of periglacial trimzones, 

ice-scoured bedrock and former glacial limits in the area 

immediately to the north of the swamit of Beinn Dearg. 

This evidence implies that the upper parts of glaoiers 45, 

48 and 49 may have drained a amall ioe cap that developed 

on this plateau (Figure 7.8). This oonfiguration may 

explain the distinot eastwards tlow ot glaoier 49, whilst 

this glaoier remained ot relatively limited nOrthern 

extent. Tbe western part ot glaoier 49 may have developed 

initially as a oorrie gl~oier that subsequently ooalesoed 

with the eastern part. 

The seooo4, more exteaa1ve reoonstruotion is presented 

in Figure 7.9. The dimensions ot this tormer ioe mass are 

based on the limits of readvanoe glaoiers identitied by 

Sissons (1977a) to the north and east ot Beinn Dearg 

(glaoiers 48, 49, 50, 51, 53. and 55). allot whioh were 

confirmed by the present re-mapping, together with the 

tormer glaoial limits ident1t1ed in Strath Va1oh, Strath 

Rannoon and Gleann McSr (seeaeotion7.3.3. above). In 

places where clear ev1denoe tor tormer glao1al limits is 

absent or unclear, the tormer 10e limit has been 

interpolated. The upper 11m1t ot the tormer 10e mass may 

be detined in certain locations by periglaoial trlmzones. 

The former 1ce-surtaoe oontours have been reoonstruoted 

using the method ot Sissons (1977a) so that the lowest 

oontour on a glao1er refleots the torm ot the glaoier 

snout, and suooessive oontours have been drawn with 

dim1niah1n& up-glaoier oonoavity. In the higher parts ot 

the tormer 10e uss the oontours are oonvex. The major 
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Plate 7 . 2. The ice- scoured plateau area that occurs 
between the summits of Cona Mheall (980m, NH 275 817; to 
the left), Beinn Dearg (108~m, NH 259 812; centre) and 
Meall nan Ceapraichean (977m, NH 257 826) . According to 
Sissons (1977a) this area was not covered by ~lacier ice 
durin~ the Locb Lomond Readvance . The distribution of 
ice- scoured bedrock and peri~acial trimzones, however, 
su~ests that this area was indeed covered by glacier 
ice during this readvance. 
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characteristics of this alternative reconstruction are, 

first, that a large plateau ice-cap, reaching an altitude 

in excess ot ~.900m, developed in the area to the 

north-east of the summit of Beinn Dearg, seoond, that 

glaoier movement away from this ice cap may have been 

conoentrated into a number of large valley glaciers, 

including the Gleann H6r glaoier and Strath Vaioh and 

Strath Rannooh glaoiers, and third, that a series of small 

outlet glaoiers drained the western part of the ioe oap. 

Sinoe there is, as yet, no stratigraph10 or morphologioal 

evidenoe that allows a LOoD Lomond Readvanoe age to be 

ruled out tor the Strath Vaioh and Strath Rannooh ioe 

limits, the possibility that an extensive 10e oap developed 

in the Beinn Dearg massit during the Loch Lomond Stadial 

cannot be excluded. 

Given the eqUivocal nature ot the available 

morphological ev1denoe, the alternative reoonstruot1ons 

presented here ma, be considered as hypothet1oal in the 

sense that their validity oan only be established by 

alternative means. Coring ot former lake sed1ments in 

enclosed basins within the proposed ioe limits to establish 

the presenoe or absenoe ot organio sed1ments representing 

the Lateglao1al Interstadial probably represents the most 

teas1ble means ot testing the hypothesis of much more 

extensive glao1er ioe in this area than was reoognised by 

S1S8Ona (1917a). 
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7.4.3. The Fannich Mountains. 

The dimensions of the former looal glaoiers in the 

eastern Fannicb Mountains bave been reoonstruoted from tbe 

glacial and periglaoial features identified in Figure 7.5 

(Figure 7.10). This geomorpbologioal evidenoe suggests 

that the pattern of looal glaciation in this area oomprised 

two small oorrie glaciers (glaoiers 1 and 3), a larger 

corrie glacier (glacier 2) and a complex valley glaoier 

(glaoier 4). Ioe-surfaoe oontours OD tbe small oorrie 

glaciers are based on tbose drawn by 8issons ( 1977 aj ct. 

Figure 7.4). The ioe-surfaoe oontours on glaoiers 2 and 4 

have been drawn using the method outlined by Sissons 

( 1977a) so tbat oontours in tbe lower part ot tbe glaoier 

are conoave, whilst those in tne bigher parts ot tbe 

glaoier are convex. Glaoier 4 is substantially larger than 

tbe former Loob LomoDd fteadvanoe glaoier originally 

identified by 8is80ns (1977a). However, tbe preCise exteDt 

of this glaoier in tbe area between Loch Drama and Loob 

Glascarnoch is not defined by landform eVidenoe, and tbe 

former glaoier terminus in tbis area is interpolated. 

7.4.4. Equilibrium line altitudes of former Locb LomODd 

fteadvance glaoiers. 

The equilibrium line altitude (E.L.A.) ot the proposed 

former extensive Bainn Dearg ice cap and those of the 

former glaciers in the eastern Fanniah Mountains were 

caloulated using the metbod devised by 8issona (1974) tor 

estimating the area-weighted mean equilibrium line altitude 

(Tables 7.1 and 7.2). AD E.L.A. value ot 656m was 
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Contour Interval hi (m) AJ(Km2) hi AI 'f,,;) 

900-1000 950 2.1325 2028.25 

800-900 850 28 23800 

700-800 750 37.5 28125 

600-700 650 24.555 15980.9 

500-600 550 17.8055 9793.03 

400-500 .. 50 11.31 5089.5 

300-"00 350 13.975 .. 891.25 

200-300 250 2.0255 505.825 

137.481 90193."7 

The altitude of the former equilibrium line may be calculated u.lnq 
the following formula (Sissons, 1974): 

Where: 

x -

n 

{:o Aihi 
n 

I Ai 
i-O 

x- Altitude of the equilbruim line in metres, 
Ai- the area of the qlacier surfac. at contour interval 
i .xpr •••• d in km, 
hi- the altitude of the midpoint of contour interval, 
n+1- the numb.r of contour interval •• 

The altitude of the equilibrium line is therefore: 

90193."7 

137."81 
-Bm. 

Table 1.1. Caloulated equilibrium line altitude of tbe 
proposed former Loob Lomond Readvanoe ioe oap tbat 
developed in tbe area to tbe east or BeiDD Dears. 
(Based OD the metbod or 81880ns, 1914). 
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a. Calculated equilibrium-line altiudes for the northern part of the 
Glen Li glacier (glacier 4) in the eastern Fainnich Mounta1ns • 

. -
Contour IntervaJ (m) hi (m) ~(1(m2) hi AI tAI/l:hlAl 

900-1000 9150 0.11 104.15 

800-900 8150 1.13215 962.625 

700-800 750 1.656 1242 

600-700 650 1.685 1095.25 

500-600 550 3.2725 1799.975 

400-500 450 2.9375 1321.875 

300-400 350 1 350 

200-300 250 0.2375 159.375 

12.031 6935.5 577m 

b. Calculated equilibrium-line altiudes for the southern part of the 
Glen Li glacier (glacier 41 in the eastern Fainnich Mountains. 

Contour IntervaJ (m) hi (m) Ai (1(m2) hi AI IAl/IhiAl 

700-800 750 1.3025 978.9 

600-700 650 1.385 900.3 

500-600 550 1.8425 803.4 

400-500 450 2.2075 993.4 

300-400 350 0.7225 252.9 

7.26 4026.9 554m 

c. Calculated equilibrium-line altiudel for the former glacier that occupied 
the corrie to the north of Beinn Liath Mhor Fannaich (glacier 21. 

Contour InIllMll (m) hi (m) AI (Km hi AI IAl/IhIAl 

800-900 850 0.0875 74.375 

700-800 750 0.09 87.5 

600-700 650 0.325 211.25 

500-600 550 0.780" "'8.22 

1.2825 771.345 811m 

Table 1.2. Caloulated equ111br1wa line altitudes for 
the reoonstruoted former Loch Lomond fteadvanoe slao1ers 
in the eastern FallD10h Mountains uung the formula of 
S1ssona (191-i see Table 1.1). 
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caloulated for the proposecl Be1nn Dearg 10e oap (Figure 

7.9, Table 7.1). Values of 577m ancl 55~m were oaloulated 

for the northern and south-eastern outlets of glao1er ~ in 

the eastern Fann10h Mountains respeot1vely giving a 

oomb1necl E.L.A. value of 567m for 

(Figure 7.10, Table 7.2). The E.L.A. 

the whole glao1er 

of the glao1er that 

clevelopecl to the north of Be1nn L1ath Mbor Fanna10h 

(glao1er 2; Figure 7.10) was caloulated to lie at 61111 

(Table 1.2). Sissons (1911a) suggested that an eastwards 

1norease in E.L.A. values could be identified in northern 

Sootland, possibly refleot1ng the faot that snow tal 1 may 

have been cler1vecl mainly from westerly a1rstreams tbat were 

progressively depleted ot moisture as they passecl inland. 

The caloulated E.L.A. values tor the proposed 10e oap in 

the Be1nn Dearg masaif ancl the glao1ers of the eastern 

FanDioh Mountains appear oons1stent with this trend, 

despite the faot that the reoonstruotions proposed here 

involve a much greater extent of glao1er oover during the 

Loch Lomoncl Stad1al than was originally mapped by 81s80ns 

(1911a) • 

.L.S.a Summary. 

The cl1mensiona and clistribution of torller glao1al 

l1m1ts identified outside the 11ll1ts ot LoOh Loaond 

Readvanoe glaoiers in northern Rosa-shire as lIappecl by 

S1a80ns (1977a) have been examinecl in this chapter. It bas 

been shown, first, that an area of bummooky drift and an 

aS8001atecl clr1tt l1ll1t to the nortb of FionD Loch lIay be 

relatecl to a minor readvanoe or st111stand that ooourred aa 

10e retreatecl from the Wester Ross Reaclvanoe 11ll1ta, aDd 
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second, that there is no olear ev1denoe tor tormer 10e 

limits 1dent1t1ed by S1ssons (in Sutherland, 1984) in the 

vicinity of Looh Faonioh and to the south-west ot Looh 

Glasoarnooh However, it is also olear tnat there is no 

unequivooal ev1denoe that allows a Looh Lomond Readvanoe 

age to be ruled out tor a lateral moraine identitied to the 

north-west ot Sl1ooh, tor tormer ioe limits in the vio1nity 

of Aohnasheen, for moraines in Strath Vaioh and Strath 

Rannooh and tor moraines in the eastern Fannioh Mountains. 

It these teatures are ot Looh Lomond Readvanoe age, then 

glao1er 10e was olearly muoh more extensive in northern 

Ho ss-shire than was originally mapped by S1ssons (1911a). 

In part1oular, a large 10e oap may have developed to the 

north-west ot Beinn Dearg and a large valley glaoier and 

smaller oorrie glaoiers developed in the eastern Fannioh 

Mountains during this readvanoe. Further strat1graph10 

work is required to test the validity ot these proposed 

interpretations ot the later glao1al l11story of northern 

Ross-shire. 
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CHAPTER ~ ConglusioQS 

~ Introdugtion 

Muoh researoh into the former dimensions of tbe last 

ioe sheet in northern Scotland bas bitherto ignored tbe 

possibility that mountain summits may 

nunataks above tbe former ioe-sheet 

have remained as 

surfaoe. Reoent 

evidenoe, reviewed in obapters 2 and 3, suggests, bowever, 

tbat tbe last ioe sbeet was of oomparatively limited 

lateral extent, implying tbat many mountain summits in the 

Northern Highlands remained above tbe former ioe-sheet 

surface as nunataks. This in turn introduoes the 

possibility that periglaoial trimlines may have developed 

as the last ioe sheet advanoed to its maximum extent. The 

researoh reported in this thesis bas been based on: first, 

an investigation of tbe nature and distribution of 

periglaoial tr1mlines that ooour on mountains in the 

Nortbern Highlands outside the limits of LOOh Lomond 

Readvanoe glaciers as determined by Sissons (1917a); 

seoond, an independent test of the bypotbesis tbat suob 

older tr1mlines delimit nUnataks that remained above the 

former surfaoe of tbe last ioe sheet; third, a 

reconstruotion of tbe former vertioal dimensions of the 

last ioe sbeet in northern Rosa-snire on the basis of the 

altitudinal distribution of SUoh older trimlines (or 

trimzones) and glaoial landforms indicative of former 

ioe-flow direotions; and fourth, an examination of evidenoe 

for glaoial events that post-date tbe last ioe maximum in 

northern Ross-shire. 
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This tinal cnapter talls into 2 seotions. In tne 

tirst section tne major tindings of tne researoh are 

summarised and in tbe tinal seotion future researon 

direotions are indioated. 

~ Pringipal findinas 

8.2.1. The nunatax hypothesis. 

In ohapter 4, it was sbown that distinot tr1mzones 

ratner than abrupt tr1ml1Des ooour on mountains in northern 

Ross-shire outside tne limits of Loon Lomond Readvanoe 

glaoiers as mapped by Sissons (1977a). These trimzones 

generally consist ot a zone of mass-moved mountain-top 

detritus that separates ~ ~ mountain-top detritus 

upslope from areas ot ioe-sooured bedrook downslope. It is 

also olear, however, tbat suob trimzones are better 

developed on mountains underlain by Torridon Sandstone, 

Lewisian Gneiss and, in plaoes, Cambrian Quartzite, than on 

mountains underlain by Carn Chuinneag Granite and Hoine 

Sanists, partly beoause these latter lithologies in many 

areas experienced appreciable trost weathering during the 

Loon Lomond Stadial and partly beoause ot tbe oompleteness 

ot the vegetation cover on many areas ot sonistose rooks. 

Trimzones are thougbt to bave developed atter an ioe 

advanoe removed pre-existing mountain-top detritus and 

trost-weathered bedrock up to the level ot a trimline. In 

most looations, subsequent dow nsl ope movement of 

mountain-top detritus has obsoured tbe preoise altitude of 

this original tr1mline, so that tne tormer maximum altitude 

ot the ice sheet responsible for produoing the original 
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330 
trimline can often only be identified witnin a vertioal 

-
range of several tens of metres. 

Several different nypotheses concerning tbe 

significanoe of tbe older trimzone on mountains in northern 

Ross-shire bave been presented: first, trimline formation 

may bave been assooiated with the Wester Ross Readvanoe 

(hypothesis 1); seoond, trimline formation may have been 

associated with an ioe-sheet readvanoe tbat pre-dated tbe 

Wester Ross Readvance (hypothesis 2); third, the tr1mlines 

may bave developed as the last ioe sheet advanced to its 

maximum extent (nypotbesis 3); and fourtb, suoh tr1mlines 

may have been associated witb the development of oold-based 

glacier ice on mountain summits whilst warm-based ioe 

streams oooupied the surrounding oorries and troughs 

(hypothesis 4). These hypotbeses bave been evaluated by 

examining the lithologioal response to Late Devensian 

frost-shattering in northern Ross-shire. The limited 

effeots of frost-shattering on rook surfaoes that were 

scoured by aorasion oeneath the last ioe Sheet s~ests 

that a prolonged time period (prObably muoh greater than 

the 1000 years or less ot the Looh Lomond Stadial) of 

intense frost shattering under severe periglaoial 

oonditions was required for the formation of thiok ~ ~ 

mountain-top detritus on many lithologies. This has 

signifioant implications for the ohronology of trimline .and 

tr imz one development during the Late Devensian. For 

example, aypothesiS 1 may be rejeoted on the grounds that 

intense frost-shattering has not affected ioe-sooured rook 

surfaces immediately beyond the lateral margins of the 

Wester Ross icefield. Hypotbesis 2 also appears unlikely 



unless a oonsiderable time period separated the ioe-abeet 

maximum and the later wodated readvanoe, and hypothesis _ 

implies that mountain summits were exposed to a prolonged 

periOd ot frost-shattering prior to the development of 

mountain-top ioe oaps. Altnougn hypothesis _ oannot be 

rejeoted on these growods alone, the simplest explanation 

for the marked oontrasts in tbe degree and deptb of 

periglaoial weathering evident above and below tbe older 

trimzone in the study area is otfered by bypotbesis 3. 

namely tnat mountain summits remained as nunataKS above tbe 

surfaoe of the last ioe sheet and were exposed to intense 

frost weatbering before and throughout tbe Dimlington 

Stadial. 

Strong independent support tor tbe interpretation ot 

tbe older trimzone in terms of tbe survival of nunataks 

or the former existence of cold-based ice has been 

derived trom an investigation ot the olay mineralogy ot 

mountain-top soils as presented in Cbapter 5. This study 

was based on tbe premise that oertain olay minerals tbat 

ooour in mountain-top soils, suob as kaolin1te, balloysite 

and g1bbsite, may have been inherited trom pre-Late 

Devensian weathering periods (of. Wilson. 1985). In 

onapter 5 it was shown that kaolin1te and/or halloysite 

ooour muoh more frequently in soil C horizons developed on 

trost-sbattered summits supporting in ~ mountain-top 

detritus when oompared witb soil C borizons developed on 

ioe-sooured summits that were olearly afteoted by abrasion 

beneath tbe last ioe sheet and tbe C horizons ot soils 

developed on summits that support inoipient mountain-top 

detritus believed to bave developed sinoe ioe-sneet 
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downwastage. In tbe case of gibbsite, it was shown tbat 

teis clay mineral occurred excl~sively in tee soils 

developed in deep ~~ mo~ntain-top detrit~s above tbe 

level of tne older trimzone. Tbe present distrib~tion of 

these clay minerals is, therefore, entirely oonsistent witb 

the preservation of resid~al pockets of a pre-Late 

Devens1an weathered regol1tb on mo~ntain summits tbat 

remained as n~nataks above tbe former surface of the last 

ice sheet,or were protected by cold-based ice-caps. 

8.2.2. The former vertical dimensions of tbe last ioe 

sheet in northern Rosa-shire. 

On tbe assumption that the older tr iDz one identified 

on tbe mo~nta1DS cf nortbern Rosa-shire indeed represents, 

albeit approximately, tbe position of tbe s~face of the 

last ice sheet at its greatest tbickness, an attempt was 

made to reconstr~ct the form of the ice-sheet s~face. Tbe 

apprOximate altit~de of the former s~face of the ice sheet 

was estimated from the distrib~tion of ~ ~ mo~nta1n-tcp 

detrit~s and ice-sco~ed bedrock, wnicn were interpreted as 

representing respectively the former maximum and minimum 

possible ice-surface altit~des. This information, combined 

with details of tbe direotions of ioe movement assooiated 

witb the last ice sheet establisbed trom tbe evidence 

provided by the distrib~tion of erratios and the 

orientation of striae, rocnes mo~tonn'es and ioe-soo~ed 

bedrook, allowed the surfaoe contours of tbe last ioe sheet 

to be reoonatr~oted tor a transeot aoross northern 

Ross-shire. This reconatr~otion indicated tbat the tormer 

ioe-sheet s~face rose in altit~de from ~.600m in the west 
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ot tbe area, to in exceas ot 850. in tbe FaDD1cb Mountains 

&Dd aeinn D.ars aasa1t, &Dd declined eastwards to ~.100. in 

tb. vioinity ot Carn Cbuinne&S and Ben Wyv1s. The tor.er 

10. abed vas looated olose to the present vatershed. The 

taot that the ioe-abeet reoonstruotion indioates tbat the 

ioe-surfaoe deolined in altitude to both tbe east and west 

ot a oentral ioe divide provides strong evidenoe in tavour 

of interpretation of tbe older trimzone as representing tbe 

maximum tbiokness of tbe last ioe abeet wben it was at its 

greatest vertioal extent. However, tbis reoonstruotion 

also implies tbat tbe last ioe abeet oomprised a number of 

disorete oentres of ioe dispersion and did not bave a 

simple symmetrioal oonfiguration, and tbat a number of 

topograpbioally-oontrolled ioe streams may bave developed 

in northern Ross-shire. So strong was the influenoe of 

topograpby of former direotions of ioe flow in tbis area 

tbat tne last ioe sbeet in nortbern Ross-sbire may more 

aoourately be oonsidered an ioetield rather than a 

topograpbioally-unoonstrained ioe mass. 

Late Devensian glaoial readvanoes in nortbern 

Ross-shire. 

In the ligbt of detailed re-examination of former 

readvanoe limits in nortbern Ross-shire, it bas been abown 

tbat a Loon Lomond Readvanoe age oannot be ruled out on tbe 

basis of present evidenoe for tormer glaoial limits 

identified to tbe north-west of Sliooh, around Aobnaaneen, 

in Stratb Vaiob and Strath Rannoob and in tbe eastern 

FannioD Mountains. It bas been suggested tbat a large ioe 

oap may bave developed in the area to tbe nortb-east of 
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Beinn Dearg and a large valley glaoier and smaller oorrie 

glaoiers deveioped in the eastern Fannioh Mountains during 

tne Looh Lomond Readvanoe, though the validity of this 

interpretation ot the available morhpologioal evidenoe 

requires to be tested by other (i.e. stratigrapnio or 

biostratigraphio) means. Elsewhere in northern Ross-soire, 

tnere is evidenoe of a minor stlllstand or readvanoe in the 

vioinity of Fionn Looh. This may have ooourred as ioe 

retreated trom the Wester Ross Readvanoe l~t. 

~ Future researoh 

The researoh outlined in this thesis has demonstrated 

the usefulness of evidenoe provided by the older tr1mzone 

in the reoonstruotion of the former vertioal extent ot the 

last ioe sheet in northern Ross-shire. There are at least 

four possible areas of future researoh that lead on from 

this work, as follows: 

First, the systematio mapping of older trimzones 

elseWhere in Sootland and indeed in northern England, Wales 

and Ireland may prove of oonsiderable value for 

reoonstruoting the former vertioal extent ot the last ioe 

sheet in these areas. However, this methodology may not be 

applioable in areas wbere the last ioe sheet over topped 

most mountain summits, or in areas where rook types were 

partioularly susoeptible to Lateglaoial frost shattering. 

Nevertheless, it may prove possible to oombine trimzone 

evidenoe for the former vertioal dimensions of the last ioe 

sheet with evidenoe ot its lateral extent in a oomplete 

three-dimensional model of at least part of the ioe sheet 

334 



in tbe Nortbern H1gblauds and poss1bly elsewbere 1n upland 

Br1tain. Suob direot emp1rioal reoonstruot10ns may then 

allow not oall interenoes ot detailed pal aeool 1m&t10 

estimates s1milar to those oaloulated tor Loob Lomond 

Beadvanoe 10e masses, but also deta11ed modelling ot tbe 

tormer dynamios ot tbe last ioe abeet (ot. Boul ton ti&. .al.. , 

1985) and 1ts aftects on underl,ing terrain (ot. Gordon, 

1919) • 

A second area of future researob indioated by tbe work 

reporte~ in tbis tbesis oonoerns tne signitioanoe ot 

inherited so11 obaraoteristics in nortbern Scotland. Tbe 

results of the investigation ot tbe cl., mineralogJ ot 

mountain-top soils in nortbern Ross-abire bas indicated 

that inherited 01 ay minerals may be more widespread tban 

bas previously been believed. Tbere are two important 

areas of fu.ture researob: first, tbe mecbanism of 

kaol1n1te and/or nalloys1te formation in tbese soils abould 

be investigated in greater detail so that tne possibility 

that tnese clay minerals are ourrently forming under 

present-day conc1itions on Soott1ab mountains can be 

evaluated; and seconc1, tbe statu.s of gibbsite as an 

indicator of pre-Late Oevensian weathering should be 

exam1ned 1n the light ot tbe suggestion tbat gibbs1te 

formation may bave taken place dur1ng tbe Holooene present 

in assooiation with sites of late-ly1ng snow. 

A tbird area of researob ooncerns tbe possibility tbat 

readvance glaoiers were more extensive in northern 

Ross-shire during the LOOh Lomond Stadial than tbose 

originally mapped by S1ssons (1911a). This proposal 

requires furtber investigation. In particular, the preoise 
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age ot readvance limits identified in this study remains to 

be establiabed by detailed stratigraphio and 

biostratigrapbic investigation ot suitable sites both 

inside and outside tne former ioe limits in order to obtain 

material for palynologioal analysis and radiooarbon aating. 

Finally, there is no reason way the methOdology ot 

trimzone identifioation and ioe-abeet reoonstruotion 

outlined in this thesis cannot be applied in a muoh wider 

oontext, to the reconstruotion ot tbe vertioal dimensiOns 

ot at least the marginal areas ot otber Late Quaternary ioe 

aneets in areas ot mountainous terrain. For example, it 

may prove possible using tbe approaoh developed here to 

estimate tne tormer thickness ot tbe last ioe saeet in 

mountainous parts ot Norway trom tbe altitudinal 

distribution ot trimzones. Ultimately it may prove 

possible to oombine empirioal re.earoh designed to 

establish the lateral and vertioal dimensions ot Late 

Quaternary ioe sheets with tbeoretioal modelling ot 

ice-sheet dynamics in a aomprebensive reoonstruotion ot 

botb tbe geomorpbio and olimatio implioations ot such ioe 

sheets. 
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APPENDIX ~ Abbrey1at1oQ§ ~ ~ referenoes ~ mountain 
Bummas referred ~ JJl .t.Wl .t..u.t.. JWd.. J.Jl. Appendiges 2. .a.na. ..1 

AT An Teallaoh (1062m, NU 069 843) 

SH S~l Hh6r (767m, NU 032 888) 

RH Ruigb Hheallain (593m, NU 032 873) 

BG Beinn Ghobhlach (635m, NU 056 943) 

BNB Beinn nan B~n (580m, NU 109 908) 

BDM Beinn Dearg H6r (910m 032799) 

BDO Beinn Dearg Bheag (818m, NH 020812) 

BAC Beinn a'Chlaidheimh (914m, NU 061 775) 

SB Sgurr B~n (989m, NH 056 745) 

MCHF Mullach Coire Mhic Fhearchair (1019m, NH 052 735) 

MO Meall Garbh (852m, NU 049 726) 

BT Beinn Tarsuinn (937m, NU 039 727) 

AM A'Hhaighdean (967m, NU 008 749) 

RSM Ruadh Stac M6r (918m, NH 018 757) 

RSB Ruadh Staa Bheag (710m, NH 027 771) 

BACH Beinn a'Ch~sgein ~r (857m, NG 982 786) 

BACB Beinn a'Chatsgein Beag (680m, NO 966 822) 

FH Frith Meallan (682m, NO 979 812) 

CMM Creag-Hheall M6r (628m, NO 993 815) 

BACH Beinn Airigh Charr (791m, NO 930 762) 

MM Meall Mh~innidh (720m, NO 954 748) 

BL Beinn Latr (860m, NO 982 733) 

BTC Beinn Tharsuinn Chaol (649m, NO 989 744) 

SLI Slioch (980m, NU 005 689) 

MED Heall Diamh (684m, NU 021 698) 

BAH Beinn a'Mh~inidh (692m, NH 032 661) 

BB Beinn Bheag (668m, NU 084 714) 

GR Graban (748m, NH 100 709) 

CR Creag Rainiah (807m, NH 097 751) 
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BMi Be1nn nan Ramb (711., NH 139 661) 

~ %lla "ooigh MoUnt,ins. 

AS An Sg~an (139m, NH 139 691) 

AC A'Cba1lleaob (999m, NH 135 115) 

SBR Sgurr Breao (999m, NH 157 711) 

TCN Toman Coinich (930m, NH 1~9 713) 

SNE Sgurr nan Each (923m, NH 18~ 698) 

SACD Sgurr a'Chada Dheirg (866m, NH 183 691) 

SNCG Sgurr nan Clach Geala (1093m, NH 184 716) 

MAC Meall a'Chrasgaidh (93~m, NH 165 73~) 

CNC Carn na Criche (961m, NB 195 726) 

SH Sgurr M6r (1110m, NH 202 718) 

MNP Meall nan Pe1thirean (970m, NH 208 708) 

MOH Meall Gorm (9~9m, NH 212 697) 

ANC An Coileachan (927m, NH 241 680) 

AEI An Eigin (798m, NH 249 677) 

BLMF Beinn Liath Mh6r Fannaich (95~m, NH 209 724) 
, 

BLAG Beinn Liatb Mhor a'Ghiubhais Li (766m, NH 281 713) 

ACAB An Cabar (558m, NH 258 641) 

BDG Beinn Dearg (687m, NH 282 684) 

MNS Meall na Spe1reig (670m, NH 301 697) 

BLB Beinn Liath Bheag (665m, NH 2~3 736) 

HMI Meall Mhic Iomhair (676m, NH 301 697) 

MAMM Meall a'Hh~ithaidh M6r (513m, NH 312 661) 

BNC Beinn nan Cabag (47~m, NH 354 669) 

FB F10nn Bhe1nn (933m, NH 1~7 621) 

~ ..llut Beinn Dears Massif 

BD Beinn Dearg (108~m, NH 259 812) 

10 Iorguill (872m, NH 239 816) 

CH Cona Mheall (980m, NH 275 817) 

HNC Heall nan Ceapraiohean (977m, NH 257 826) 
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Ca.T Coap Co1re Looll Tuath (88J&m, NB 283 828) 

ENOO Edidh nan Claoh Geala (928m, NB 258 843) 

AS An Sooach (872=, NH 256 852) 

KJAR Heall Glac an Ru1ghe (859m, NH 265 863) 

SB Seena Bhraigh (927m, NH 282 879) 

CAD Creag an Ou1ne (830m, NB 296 879) 

CLSM Carn Loch SrUban M6ra (720m, NB 319 848) 

CB Carn Ban (845m, NB 338 877) 

BB Bodach Beag (837m, NB 355 878) 
, 

BM Bodach Mar (822m, NH 361 893) 

CGL Carn Gorm Loch (910m, NB 802 319) 
, 

MB Meallan Ban (882m, NB 299 801) 

AF Am Faochagach (954m, NB 303 794) 

TBM Tom Ban M6r (730m, NH 308 753) 

51 Sr~n Liath ( 750m, NH 304 763) 

Kl Meall Gorm ( 885m, NH 309 786) 

MDF Meall Ooire Faid (730m, NH 221 791) 

MBR Meall Breac (532m, NB 223 751) 

HL Heall Leacaohain (618m, NH 244 771) 

CNA Carn nan Aigbean (627m, NB 367 784) 

OL Ounan Liath (691m, NH 411 848) 

BTA Beinn Tharsuinn (714m, NB 413 829) 

OR Oiebidale Ridge (691m, NH 432 837) 

CCB Carn Chu1nneag (838m, NB 485 834) 

CAL Carn an Lochan (645m NH 840 502) 

BAC Be1nn a'Cha1ste1l (787m, NB 370 802) 

CCL Carn Crom Loch (648m, NH 388 826) 

MAG Meall a'Ghr1anan (772m, NH 366 776) 

BNE Be1nn nan Eun (742m, NH 448 759) 
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CLNA Carn Loch nan Amhaichean (698m, NH 412 757) 

MM Meall M6r (738m, NH 514 746) 

CMO Carn M6r (640m, NH 422 715) 

BW Ben Wyvis (1046m, NH 463 684) 

QC Queens Cairn (645m, NH 466 720) 

LW Little Wyvis (764m, NH 420 645) 

BAGH Beinn a'Ghiulbein (471m, HN 421 728) 

CNE Carn nan Each (467m, NH 525 658) 

MAT Meall an Turic (625m, NH 539 728) 

BTHA Beinn Tharsuinn (692m, NH 607 794) 
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APPENDIX ZL Location ~ tr1mJines ~ tr1mzones iA ~ study 
~ 

1. Abbreviated mountain name (see Appendix 1). 

2. Trimzone number looated on Geomorphological maps in 
Chapter 4 and Figures 4.11, 4.16, and 4.21. 

3. Lithology. 

4. Grid referenoe of ~~ mountain-top detritus. 

5. Trimzone type: A=Trimzone where JA ~ mountain-top 
detritus is replaoed downslope by mass-moved mountain-top 
detritus; B=Mountains where mass-moved mountain-top detritus 
is replaced downslope by cliffs and steep rooks outorops; 
C=Mountains where there is no evidence of glaoial soouring 
immediately downslope of mass-moved mountain-top detritus; D= 
mountain summits suuporting inoipient mountain-top detritus; 
I=ice-scoured mountain summits. 

6. Altitude of lower limit of ~~ mountain-top detritus. 

7. Location of ice-scoured bedrock. 

8. Altitude of upper limit of ice-scoured bedrook. 
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1. SroDY AREA WESt . -

1 I 2 I 3 I 4 I 5 I 6 I 7 I 8 I 
_____ I ____ I _______ 1 ___________ 1 ___ 1 _____ I__________ I----I 

AT 1 TS NH 074866 A 730 NH 080866 610 
AT 2 1's NH 065870 A 730 NH 072872 650 
AT 3 TS NH 068877 B 702 
AT 4 TS NH 056870 C 650 600 
AT 5 TS NH 055863 C 650 600 
AT 6 TS NH 046846 A 780 NU 040851 758 
AT 7 CQ/TS NH 076820 B 800 NH 079818 750 
AT 8 CQ/TS NH 078841 B 900 NH 081840 750 
AT 9 CQ/TS NH 078853 B 970 NH 084852 650 
SM 10 TS NH 038884 A 650 NH 032882 550 
SB 11 TS • NH 019901 409 
RM 12 TS • NH 033873 593 
BG 13 TS NH 056943 A 600 NH 059943 550 
BNB 14 TS • NH 109908 580 
BDB 15 TS NH 020812 A 810 NH 020809 750 
BD(W) 16 TS NH 030800 A 800 NH 023801 600 
BD(E) 17 TS NH 031796 C 800 NH 038794 650 
BAC 18 CQ/TS NH 061776 A 900 NH 060771 800 
BAC 19 CQ/TS NH 061776 A 900 NH 065773 700 
BAC 20 CQ/TS NH 063781 A 900 NH 065785 750 
SBAN 21 CQ/TS NH 054748 C 900 NH 055753 750 
SBAN 22 CQ/TS NH 058748 A 900 NH 065753 700 
SBAN 23 CQ/TS NH 057746 A 950 NH 063746 750 
SBAN 24 CQ/TS NH 055744 C 950 NH 056743 850 
SBAN 25 CQ/TS NH 054744 A 950 NH 053743 900 
MCMF 26 CQ/TS NH 052735 A 1010 NH 052738 800 
MCMP 27 CQ/TS NH 052735 A 1010 NH 051732 850 
Ki 28 TS NH 050726 D 800 
BT 29 TS NH 041728 A 900 NH 043727 800 
BT 30 TS NH 039727 C 900 NH 041725 800 
BT 31 IS NH 034730 C 850 NH 032730 750 
AM 32 LG NH 010746 A 850 NH 012743 790 
AM 33 LG NH 013746 A BOO NH 016745 780 
AM 34 IS/LG NH 009753 A 940 NH 011754 850 
RSM 35 TS/LG NH 019756 A 900 NH 016753 800 
RSM 36 TS NH 014763 A 810 NH 010764 650 
RSM 37 TS NH 018756 A 900 NH 023758 750 
RSB 38 LG • NH 027771 710 
BACH 39 LG NG 981779 A 790 HQ 981777 720 
BACH 40 LG NG 995783 A 750 HQ 998783 720 
BACH 41 LG NG 988786 A 790 HQ 990789 720 
BACH 42 LG HQ 981793 A 800 HQ 981801 700 
FM 43 LG NG 981809 A 660 HQ 982807 640 
FM 44 La NG 977812 A 660 NG 976815 570 
BACB 45 LG NG 969822 A 650 HQ 971823 570 
BACB 46 LG NG 962820 C 640 HQ 962817 550 
BACB 47 La NG 960831 A 610 NG 961833 540 
BACB 48 LG NG 959832 A 600 NG 959834 530 
CHM 49 La • NO 993815 628 
BACH 50 LG HQ 931761 A 750 NO 932754 678 
BACH 51 La NG 925764 A 703 NG 920759 670 
HM 52 LG • NO 953748 720 
BL 53 La HQ 975739 A 800 NO 971741 700 
BL 54 LG HQ 976733 A 820 HQ 973733 700 
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1 I 2 I 3 I 4 - I 5 I 6 I 7 I 8 I 
-----1----1-------1-----------1---1-----1---------- 1----1 
BL 55 LG NO 979728 A 820 NO 980725 700 
BL 56 LG NO 988727 A 800 NO 991731 735 
BL 57 LG NO 988727 A 800 NO 986724 710 
BL 58 LG NO 997719 D 780 NO 995718 710 
BTC 59 LG • NO 989744 649 
SL1 60 TS NH 008684 A 900 NH 010679 740 SL1 61 TS NH 019688 A 933 NH 023685 680 
MED 62 TS • NH 021698 684 
BAM 63 MS/CQ • NH 032661 692 
BB 64 MS NH 084714 D 668 NH 074713 610 
CR 65 MS NH 097752 D 807 NH 100756 750 
CR 66 MS NH 103746 D 748 NH 106747 710 
OR 67 MS NH 099708 C 749 NH 097706 660 
MCH 68 MS NH 117689 D 690 
BNR 69 MS NH 139661 D 711 
AS 70 MS NH 139691 D 739 NH 134696 710 
AC 71 MS NH 136715 C 997 
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2. S111DY AREA: NORl'H (BEINN DEARO MASSIF) 

1 I 2 I 3 I 4 I 5 I 6 I 7 I 8 I _____ I ____ 1 _______ 1 ___________ 1 ___ 1 _____ 1 ___________ I ___ -I 

BE 72 MS NH 226805 A 800 NH 233802 750 
BE 73 MS NH 222807 A 800 NH 218808 750 
10 74 MS NH 235819 A 872 NH 235815 750 
10 75 MS NH 242819 A 830 NH 246819 810 
BD 76 MS NH 258812 A 1050 NH 258806 850 
BD 77 MS NH 255815 C 1000 NH 251815 800 
BD 78 MS NH 255817 C 1000 NH 253817 800 
BD 79 MS NH 260813 B 1070 
BD 80 MS • NH 262810 900 
BD 81 MS NH 260814 A 1000 NH 262817 920 
CM 82 MS NH 274815 C 900 NH 270817 850 
HNC 83 MS NH 260823 A 920 NH 261821 870 
HNC 84 MS NH 265830 D 930 NH 266828 900 
HNC 85 MS NH 267831 A 930 NH 269830 890 
HNC 86 MS NH 267832 A 920 NH 267834 870 
HNC 87 MS NH 236832 A 930 NH 264834 860 
TC 88 MS • NH 271844 864 
CCLT 89 MS • NH 283828 8811 
ENCG 90 MS NH 259841 A 900 NH 261840 825 
ENCG 91 MS NH 2578112 C 900 NH 2508111 800 
AS 92 MS NH 256852 C 850 NH 253853 750 
AS 93 MS NH 259850 A 850 NH 262850 800 
}{JAR 94 MS NH 265860 A 850 NH 266858 800 
KJAR 95 MS NH 265860 A 850 NH 261860 780 
MCC 96 MS • NH 273859 807 
SS 97 MS NH 281879 C 900 NH 277881 700 
sa 98 MS NH 281878 B 900 NH 279875 800 
sa 99 MS NH 289872 C 900 NH 288869 850 
CAD 100 MS NH 296876 D 880 NH 299874 790 
CAD 101 MS • NH 307871 795 
CLSM 102 MS NH 319848 D 720 NH 316854 700 
CB 103 MS NH 334854 C 800 NH 334848 700 
CB 104 MS NH 338866 C 841 NU 334866 760 
CB 105 MS NH 339875 C 845 NH 336876 810 
CB 106 MS NH 340881 C 830 NU 341886 701 
BB 107 MS NH 353877 C 820 NH 351876 730 
BB 108 MS NH 355874 C 800 NH 354869 750 
BM 109 MS NH 361887 C 820 NH 370889 600 
!SOC 110 MS NH 375871 D 740 NH 363871 630 
MAC 111 MS NH 360826 D 630 
MACH 112 MS NH 343811 D 620 
COL 113 MS NH 319802 A 890 NH 310805 8110 
COL 114 MS NH 323801 A 870 NH 324802 825 
COL 115 MS NH 316800 A 870 NH 313799 825 
COL 116 MS NH 318800 A 870 NH 318808 825 
MS 117 MS NH 298801 C 870 NH 294801 730 
AF 118 MS NH 307795 A 920 NH 311798 760 
AF 119 MS NH 300789 C 910 NH 294788 700 
AF 120 MS NH 299781 C 845 NH 296778 700 
SI. 121 MS NH 304763 C 750 NH 302758 650 
KJ 122 MS NH 309784 C 860 NH 309786 800 
TBM 123 MS NH 308753 C 730 NH 306753 700 
MDF 124 MS • NH 221791 730 
K. 125 MS • NH 244771 618 
MSR 126 MS • NH 223751 532 
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3. STUDX' AREA: SOOTH (THE FANNICH K)UHTAINS). 

1 I 2 I 3 I 4 I 5 I 6 I 7 I 8 I 
_____ 1 ____ I _______ 1 ___________ I ___ 

I 
_____ 1 ___________ 1 ____ 1 

TCH 127 MS HH 148713 C 985 HH 148711 800 

TeN 128 MS HH 148713 D 830 HH 150728 730 

SBR 129 MS HH 157711 C 980 HH 153711 850 

SBR 130 MS HH 161712 A 900 HH 166711 840 

SHCG 131 MS HH 184715 A 1080 HH 185710 820 
SHCG 132 MS HH 184715 C 1080 HH 178712 840 
SHCG 133 MS HH 184715 C 1080 HH 183719 830 
MAC 134 MS HH 185734 A 900 HH 179736 770 
MAC 135 MS HH 186736 C 900 HH 184726 750 
CHC 136 MS HH 197725 A 950 HH 199721 860 
SM 137 MS HH 203718 C 1110 HH 201717 900 
SM 138 MS HH 213716 A 900 HH 213715 850 
BLMF 139 MS HH 210723 A 900 HH 210721 850 
.BLMF 140 MS HH 223731 C 830 HH 222733 730 
BLMF 141 MS HH 219723 B 900 HH 217723 790 
MNP' 142 MS HH 208709 C 970 HH 206706 900 
SHE 143 MS HH 184698 C 920 HH 182698 870 
SA CD 144 MS HH 183690 C 860 HH 183690 800 
SACD 145 MS HH 176689 D 770 HH 176684 650 
FB 146 MS HH 155620 C 870 NH 158620 820 
KlM 147 MS HH 221695 C 900 HH 219689 700 
KlM 148 MS HH 232692 C 900 NH 231683 670 
KlM 149 MS HH 232692 C 900 NH 236686 770 
!NC 150 MS HH 241680 C 900 HH 239685 790 
ANC 151 MS HH 240679 C 890 NH 236674 670 
!NEI 152 MS HH 249679 C 850 NH 247675 790 
ANEI 153 MS HH 251669 C 798 HH 250666 580 

ACAB 154 MS • HH 258641 558 
BOO 155 MS • HH 282684 687 
BLAG 156 MS HH 280715 C 750 NH 277715 650 

BLAG 157 MS HH 285709 C 710 NH 283707 650 

BLAG 158 MS HH 288709 A 710 NH 293712 570 

MNS 159 MS HH 301697 D 670 
BLB 160 MS HH 243736 D 665 
MM! 161 MS I HH 301697 676 

MAMM 162 MS I HH 312661 513 
BHC 163 MS • HH 354669 474 
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-. SroDY AlU: lAST. 

1 I 2 I 3 I 4 I 5 I 6 I 7 I 8 I _____ I ____ I _______ 1 ___________ 
1 
___ 

1 
_____ 1 ___________ 1 ____ 1 

BAC 164 MS NH 370802 C 762 NH 362802 650 
CCL 165 MS NH 388826 0 649 
HAG 166 OHS NH 366780 C 750 NH 366785 650 
HAG 167 OHS NH 366776 A 760 NH 360785 600 
CNA 168 MS • NH 387784 627 
BTA 169 MS NH 412829 D 714 NH 414832 670 
OR 170 MS NH 431836 0 . 691 NH 431840 640 
OL 171 MS NH 411849 0 690 
CCH 172 CCHG NH 473831 C 796 NH 469829 650 
CCH 173 CCHG NH 474834 C 800 NH 471842 500 
CCH 174 CCHG NH 475832 C 800 NH 475825 600 
CCH 175 CCHG NH 483833 C 830 NB 485831 700 
CAL 176 MS • NH 501840 645 
CCNG 177 MS • NH 525807 602 
SAC ' 178 MS NH 463781 D 644 
BNE 179 MS NH 448759 0 742 NH 445756 600 
CLNA 180 MS NH411758 0 698 NH 411753 610 
MM 181 MS NH 515746 0 738 NH 517752 648 
CMO 182 MS • NH 422715 640 
CNCH 183 MS • NH 414744 660 
QC 184 MS • NH 466721 645 
CGO 185 MS/GR NH 455710 A 680 NH 459713 580 
CGO 186 MS/GR NH 454703 C 680 NH 450703 625 
BW 187 MS NH 463683 C 1040 NH 459684 850 
BW 188 MS NH 451666 C 946 NH 443666 650 
BW 189 MS NH 496712 C 921 NB 492713 800 
BW 190 MS NH 472666 0 890 NH 475662 800 
LW 191 MS • NH 430645 760 
LWTC 192 MS NH 439654 D 706 
BAGH 193 MS • NH 421728 471 
CNE 194 MS • NH 525658 467 
MAT 195 MS • NH 539728 625 



APPENDIX 3: Data used , _for th e Mann-Whi t ney U te st in Chapt er 5. 

KEY (Left to right). 

Sam= Sample numberj Li= Litbology; Alt= Altitude; Hor.dep: 
Horizon and Depth; JOrg= %organio matter;AL= Aluminium; MN= 
Manganese; MO= Magnesium; FE= Iron; K: Potassium; NA: Sodium; CA: 
Calcium (Values in Hg/g). '= Not analysed. 

1..a.. Frost-Shattered Summ:l ts 

Sam Li Alt Hor.Dep. JOrg AL HN Kl FE K NA CA 

BW4 MS A 946 C:35-40 
BW5 MS A 946 C:50-55 
BW8 MS A 1046 C:55-60 
BW9 MS A 1046 C:55-60 
BWll MS A 1007 C:20-25 
BLAGl MS A 766 C:70-75 
BLAG2 MS A 766 C:69-75 
BLAG3 MS A 766 C:65-70 
BLAG4 MS A 766 C:60-65 
BLAG5 MS A 766 C:55-60 
BLAG10MS A 766 C:40-45 
SSl MS A 906 C:35-40 
CB2 MS A 845 C:35-40 
AFl MS A 954 C:25-30 
AF3 MS A 954 C:40-45 
BLMF3 MS A 820 C:35-40 
BLMF5 MS A 954 C:25-30 
BLMF7 MS A 954 C:20-30 
BW7 ' MS A 894 BlC:35-40 
BLAGllMS A 766 C:30-35 
BLAG12MS A 766 C:35-40 
BLAG13MS A 766 C:25-30 
BLAG14MS A 766 C:20-25 

4.50 24.62 .46 3.00 34.28 5.17 .20 1.68 
4.10 14.47 .26 1.79 21.23 3.50 .12 1.03 
6.82 30.58 .35 3.49 38.50 4.08 .16 1.11 
1.87 10.72 .32 6.38 4.26 6.35 .16 1.85 
3.30 3.83 .04 .12 8.06 .52 .13 .08 
1.71 8.95 .20 1.29 10.80 2.23 .08 1.26 
1.69 12.55 .30 1.76 15.703.09 .13 1.29 
3.51 13.69 .29 1.76 17.12 3.15 .11 .77 
3.32 11.73 .22 1.09 13.49 1.97 .10 .64 
2.37 10.78 .24 1.26 12.49 2.49 .11 1.13 
3.09 16.67 .26 .07 19.92 3.85 .11 1.69 
• 23.87 .34 5.47 27.70 5.35 .14 2.88 
• 6.57 .04 .22 10.19 .56 .11 .06 
2~10 25.73 .55 3.93 28.27 7.32 .16 2.53 
• 27.07 .55 3.86 29.18 7.88 .20 2.52 
8~64 27.14 .32 .08 29.57 4.89 .12 1.93 
3.75 30.58 .52 6.87 35.1610.51 .13 2.97 
4.70 25.68 .30 .06 36.34 3.60 .12 1.43 
• 22.54 .42 3.69 37.63 5.52 .14 1.87 
• 8.18 .15 1.66 14.00 1.84 .10 .44 
• 8.48 .17 1.72 9.72 1.87 .10 .90 
• 11.57 .25 2.08 14.64 3.47 .12 2.83 
• 12.16 .19 1.65 14.30 2.49 .09 .56 
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~ Intermediate Spmmits 

Sam L1 Alt Hor.Dep. JOrg AL HN Kl FE K NA CA 
------------------------------------------------------------------
KACH2 MS I 628 C:35-40 3.93 11.03 . 21 1.91 14.17 1.64 .10 1. 32 
CNACl MS 1 699 C:30-38 2.01 17.45 .44 3.09 19.61 4. 58 .14 1. 66 
BLB9 MSl 665 c: 45-50 5.62 20.08 .29 .07 19.74 6. 26 .14 1. 56 
BLB13 MS I 665 C:35-40 11.07 22.84 .1 5 .14 13.22 1.34 .07 .52 
BLB17 MS I 665 C:70-75 2.53 15.58 . 27 .1 2 15.70 3.60 .1 5 1. 79 
BLB19 MS I 665 C:50-55 2.96 12.68 .18 .10 11.61 2.35 .16 1.76 
BLB21 MS I 665 C:50-55 2.50 14.68 .18 • 14 12.07 3.08 .1 3 2. 21 
BTHA4 MS I 692 AlC: 30-40 4.21 20.38 .18 2.86 29.01 5.17 .1 3 .41 
BTHA3 MS I 692 C:38-45 4.19 27.79 .27 3.00 32.53 5.69 .1 5 .43 
BTHA2 MS I 692 C: 35-40 4.12 28.80 .26 3.00 32.89 5.48 .14 . 39 
CATS2 MS I 658 C:40-45 2.50 29.43 .14 3.1 5 24.61 4. 57 .14 . 37 
CATSl MS I 658 C:40-45 3.18 24.77 .16 3.95 25 .07 5.07 .1 3 .70 
MM3 MSI 738 C:45-52 4.09 30.46 . 23 2.96 30.09 4. 96 • 11 .99 
MH2 MSI 738 C:45-48 4.44 25.45 .17 4.49 28.82 5.51 .11 .72 
MMl MSI 738 C:45-50 4.34 25.38 . 22 5.39 39.1 2 6.46 .1 3 .39 
HAT 1 MSI 625 A:25-30 9.67 32.61 .18 2.73 37.1 2 5 .40 .1 2 1.05 
BD5 MSI 687 C:36-40 1.97 17.30 .1 2 2.06 16.10 3.80 .04 .91 

.L- Ice-scoured summits 

Sam L1 Alt Hor.Oep. JOrg AL HN Kl FE K NA CA 
------------------------------------------------------------------
MEOLl MS S 730 C:30-35 5.19 19.58 .30 .10 25 .42 3.77 .14 .89 
MB5a MSS 532 C:40-55 7.03 14.03 .19 .14 15.4 5 2.01 .11 1.73 
BBl MSS 516 C:45-50 4.43 29.67 .09 .08 32 .09 2 .24 • 11 . 30 
K..5 MSS 618 C:45-50 6.05 20.03 . 28 2.11 16.22 4. 21 .09 1.77 
Mt.3 MSS 618 C:40-45 4.69 14.49 . 26 1.98 14.98 2.95 .10 2.41 
AC3 MSS 558 C:35-40 8.64 22.33 .17 2.92 20.11 4.97 .1 3 1. 52 
ACl HSS 558 C:35-40 5.06 18.87 .14 2.09 16.89 3.30 .10 1.93 
CM8 MSS 670 C:35-43 5.60 18.65 .20 6.23 14.76 3.49 .03 2.1 3 
CM7 MSS 640 C:35-40 5.40 21.20 .04 3.36 13.67 3.88 .05 .71 
CM4 MSS 640 C:35:40 2.35 9.71 .03 1.68 11.46 2.18 .04 . 84 
CMl HSS 640 C:30-35 3.45 8.35 .1 2 1.07 8.02 1. 24 .04 .93 
~1 HSS 480 C:40-45 2.68 17.56 .20 2.27 18.47 4.79 .11 2.65 
KJ2 MSS 480 C:35-40 3.55 17.97 . 23 2. 31 21.42 4.1 2 .14 2.42 
Kl3 MSS 480 AlC:30-35 6.59 15.99 .13 1.66 23 .85 2 .76 .09 .76 
MBl MSS 532 C:30-36 • 8.47 .07 1.64 6.1 3 1. 34 .09 .4 8 
MB2 MSS 532 AlC: 28-32 • 24.30 .33 5.63 47.84 6. 37 .1 2 1. 33 
MB3 MSS 532 C:30-35 • 19.21 .24 3.99 12.03 3.07 .1 8 2.46 
MB4 MSS 532 C:40-45 • 10.43 .14 3. 54 12.30 2.39 .08 1. 36 


