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Abstract

This thesis examines the potential of NEXTMap inmgger the study of glacigenic
landforms in parts of the Scottish Highlands. NEXaMMDigital Elevation Mapping
(DEM) was developed in 1998 and a comprehensivefsBEMs for the British Isles
generated in 2004. However, very few maps baseNEXTMap technology had been
published for the British Isles before the startlo§ PhD, and so its full potential had
not been realised. The objectives of the PhD wieeeefore to establish the degree to

which NEXTMap imagery could improve the mappingfaternary landforms.

To test its capabilities, NEXTMap images were aidi for the Loch Lomond area,
which had previously been mapped in some detailguboth field observation and
aerial photography. Appropriate protocols were é¢f@e developed for an area where
NEXTMap images could be ‘ground-truthed’ by indeghent ground mapping. Methods
were developed for optimizing the appearance adftzims on NEXTMap images and
mapping their distributions; the results show closerespondence with the results of
detailed ground mapping, suggesting that confideacebe attached to landform maps
derived using NEXTMap, while the latter can alsovyie subtle but important new

geomorphological information.

The second part of the thesis applied the methggali@veloped in the Loch Lomond
study to the study of landforms in and around GRwy, in the western Scottish
Highlands. This area was chosen as it also haddirbeen mapped in detail and
proved to be critical for establishing the extemdl &iming of the last major glaciers in
Scotland. The area also contains a unique set bpveserved ancient lake shorelines —
the Parallel Roads of Glen Roy. These featuresndxier miles across the study area,

providing an outstanding opportunity to test theateg and vertical resolution of



NEXTMap images, and hence to establish the limitenaps and models based upon
them. This part of the project included direct dest the vertical resolution achievable
using NEXTMap, which gives surprisingly accuratdadéor flat and gently-inclined

surfaces. The results of trend surface analysiseafly 32,000 altitude measurements
obtained from the shoreline surfaces shows thapieshe fact that they are

significantly deformed and dislocated, they newadhs retain consistent along-shore
surface gradients. Both the overall gradients drel lbcalized deformation features
associated with the shorelines are attributed twrabination of regional and local

isostatic stresses. The thesis finishes with ahegd of the new evidence and
perspectives that NEXTMap has provided for the GRely area, and with a synopsis of

where interpretations differ from those previoushged on ground mapping.
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1. Introduction

1.1 Inception of the project

This thesis reports the results of an examinatibrthe capability of NEXTMap
technology, a remote sensing methodology that géeedigital terrain models. Here it
Is tested for its capabilities and advantages enpitecise mapping of glacial landform
suites associated with the waning of the last (Dswm) glaciation in Scotland. The
project was initiated in 2007, soon after this tgbéechnology had become available to
the UK research community. At that time NEXTMap resented the most affordable
imaging data-set available that covered the Phlasaod interest. It is gradually being
superceded by LIDAR imagery, which provides muchkatgr image resolution, but
which is more expensive and did not cover the wiafléehe PhD areas of interest.
NEXTMap represented the latest step in a revolutérthe manner in which the
landscape, as well as individual landforms, coukl mnapped, manipulated and
represented. In recent years it has become podsildgamine representations of the
topography of large tracts of land at high spatedolution, through digital terrain
images captured from satellites or aircraft. Whemigsined with GIS facilities, it
becomes possible to view, interpret and model dheldcape with increasing ease. But
questions arise as to the degree of faithfulneis wihich the landforms are represented
in such images, and the limits of spatial resohutibat they can realistically convey.

These are the kind of questions that stimulatedtiny reported in this thesis.

GIS and digital imaging were already being widelypéoyed prior to 2008 to map
landform assemblages that enabled the limits ofldlsé ice sheet that occupied the
British Isles to be reconstructed, and to trace rtteggins of possible retreat stages
during the dissipation of the ice. The BRITICE aj(Clarket al., 2004), for example,

is a GIS-based compilation of all the availabledewice for the last British ice sheet
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from which ice-marginal limits and ice-flow patterean be inferred (Clark 1997 and
Everestet al., 2005). The observations are based on high-qusditgllite imagery that
allows suites of landforms to be viewed at bothiceg and national scales, while
evidence obtained from published maps with relevwatetpretations of landforms were
also incorporated. Attention was focused on thentifleation of moraines, eskers,
drumlins, meltwater channels, tunnel valleys, ti$, clear limits to the distribution of
glacigenic features, glaciolacustrine deposits, a@ddammed lakes and associated
shorelines. To this was added information fromlitezature that could not be directly
observed on the images, such as erratic dispeatiarps, lithostratigraphic information
and subaquaeous features, for example major famg ahe continental shelf margin.
Altogether some 20,000 features were plotted int8 Gsing a number of thematic
layers, the results being made publicly available
(http://www.shef.ac.uk/geography/staff/clark _chortice.html ), while periodic
up-grades are generated as additional informatemornes available (e.g. Evaetsal.,
2005). This comprehensive compilation of published observational landform
patterns provides a useful first approximation loé toverall dimensions and flow
patterns of the last British-Irish ice sheet (Bl&#)ts maximum extent. However, not all
of the features have been ‘ground-truthed’, andettas been no direct testing of the
limits of spatial resolution with which landforms the British Isles can be mapped
using the satellite imagery on which BRITICE is ddswhile the features have been

generalized on a national map at a scale of 1:625,0

A parallel study of the last British ice sheet siates the potential of GIS-based
modeling. Fretwell et al. (2008) used ARCGIS programs to project different
configurations of the last British ice sheet onth® Ordnance Survey grid, and
combined this compilation with offshore bathymetii&ta obtained from the National

Geophysical Data Centre (NGDC 2005). They useddbelts, which model the overall
2



anatomy of the ice sheet, to compute ice area ahdne and predict the isostatic
response, which could then be compared with ind#grainglacio-isostatic models based
on reconstructions of local and regional sea-leth@nge. Although the grid-size for the
models is still rather crude (ranging in grid-squarze from a typical 500m to 90m at
best), this study nevertheless shows the potepbaler of GIS-based modeling for
integrating evidence of different physical effectsthe landscape — in this instance the
growth and dissipation of an ice sheet and its aorntant stress load on the underlying

crust, as well as on the resulting reconfiguratbadjacent shorelines.

Shortly after these studies were published, theautame across the first published
examples of the use of NEXTMap DEM data for illasitng landforms in the Scottish
landscape, and became aware of the technologytammgphparent potential. A series of
papers published in 2008 (but available on-lin€@®7) included arresting images of
streamlined bedforms and large-scale mega-grodves.example, Bradwelkt al.
(2008a) included NEXTMap plot of large-scale megasges and streamlined bedrock
in the Ullapool area of NW Scotland, which they dise association with new
multi-beam bathymetric images to reconstruct a &rmajor ice stream flowing out
towards the Minch in the west, over a 20 km-wideridor. A related but more
comprehensive study of suites of both submarine land surface features in and
around the Loch Broom-Summer Isles region by Brddetel. (2008b) was based on a
combination of multi-beam Geoswath imagery, boos@smic profiling, colour aerial
photography and NEXTMap digital surface terrain gledBoth of these publications
illustrated how detailed maps of streamlined fesgucould convey immediate visual
impressions of strong ice-flow patterning from whice-sheet dynamics (e.g. ice-flow

convergence and divergence; variations in ice-strid@w strength) can be inferred.



Further exploration of the literature and enquiriesncerning the availability of
NEXTMap DEM data led to the growing realization, thre part of the author, of the
stunning clarity afforded by the images and thditglipo use them for the construction
of high quality, and perhaps highly spatially- resd, digital terrain models. One of the
earliest published images to convey this potemtad that of Goodenough al. (2009),
again of the NW Scottish Highlands close to Ulldp@egure 1.1). They used such
images to classify different types and scales dastlined bedforms, and to analyse
their variations with respect to differences in eriging or constituent bedrock.
However, the most revealing aspects of the papeceraed the artificial manipulation

of direction of illumination to emphasise the topaghic variation and individual

features (Figure 1.1).

NEXTMap images flown by Intermap Technologies Inc. using Interferometric Synthetic Aperture
radar with artificially-altered hill-shading to emphasise topographic for ms (from Goodenough et al.,

2009).



These publications revealed that NEXTMap imageshweah flown for the whole of the
British Isles, and were available for research pses via the Natural Environment
Research Council (NERC). The spatial resolutiothefimages was quoted as 2 to 5 m,
affording “unprecedented opportunities for intetjpprg the landscape, since they have a
far higher resolution than most widely availabléeBdée imagery, and can provide a
broader overview than stereographic aerial pho{@Jodenougtet al., 2009, p. 99).
This seemed evident from the published examples,irbumone of the studies cited
above, or encountered since, was this potentipl fested by either (a) ground-truthing
the results against field-based maps or (b) estahbly the full spatial and vertical
resolution with which the images could be interpdetand thereby to establish the
degree of subtlety with which landforms and langscaould be modeled using
NEXTMap technology. These, then, became the broad af this present PhD study,

with more specific aims outlined in section 1.3.

1.2 Framing the project

In order for the above general aims to be metas wnportant to select a study area for
which detailed geomorphological maps already edjstand against which
interpretations derived using NEXTMap DEM data coble stringently compared.
Other requirements were unhindered access to NEXTkh@ages and the opportunity
to test NEXTMap results in the field. Fortunatéigse requirements could all be met.
Professor J. Rose had previously mapped the areéaetommediate south of Loch
Lomond in great detail and the results were madelabe for the current research.
Furthermore, more recent mapping conducted in tha By Smithet al. (2006) and
Rose and Smith (2008) provided additional detait ttould be exploited for testing the
NEXTMap results generated in the present rese#treras therefore decided to use the

Loch Lomond area as an initial test case for examgithe capabilities of NEXTMap.
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In 2007, when this PhD programme of study commensesleral members of the
Centre of Quaternary Research (CQR) at Royal HaligwUniversity of London
(RHUL) were funded to undertake new research irn libe Loch Lomond and Glen
Roy areas under the NERC’s Rapid Climate Changmadtie research programme
(Holmeset al., 2011). Dr. A. Palmer of the CQR had also presipgompleted a PhD
study of laminated (varved) sediments in the Gley Rrea (Palmer, 2005). Aspects of
these investigations have subsequently been peblighalmeet al., 2008a, 2010, 2012;
MacLeodet al., 2011). At the same time, the Glen Roy area isllegly used as the
main centre where the annual MSc Quaternary Scidegeee programme, taught at

RHUL, is based.

This established level of activity by CQR memberboth the Loch Lomond and Glen
Roy areas had three important benefits for thearekeproject reported in this thesis.
First, because members of the CQR were in recéiptEdRC funds for research, and
because the MSc degree programme was recognizedaanitinded by the NERC at
that time, unlimited access to NEXTMap images wasigd free of charge. NEXTMap
coverage of the British Isles was initially comnis®d by the Norwich Union
Insurance company for the estimation of flood risksit the full coverage was
subsequently acquired by the British GeologicalvByr under an agreement whereby
the images are made available to researchers fumgléde NERC. Secondly, regular
opportunities became available to visit these feglels to examine features in the field.
And thirdly, new information was being generatechtcwiously that stimulated new
questions about the history of glaciation in Seutlaand that brought added impetus to

the NEXTMap-focused research reported here.



A further advantage of the Glen Roy area, as fadh@asesearch reported in this thesis is
concerned, is that the Glen Roy area had previduséyn mapped in quite some detalil
by J. B. Sissons (1977, 1978, 1979a, 1979b andc) @@l Sissons and Cornish (1982a,
1982b and 1983) during the 1970’s and early 198Gt additional details supplied by
Peacock (1986) and Peacock and Cornish (1989)hétranbre, the area is famous for
the ‘Parallel Roads’, lake shorelines formed wtaral glacier ice had blocked drainage
escape routes. These features had been instruiydataled by Sissons (1977, 1978;
Sissons and Cornish, 1982a, 1982b) and their rw@emtal surfaces presented
particular challenges for the application of NEXTMé&echnology. It was therefore
decided to use the Glen Roy area as a furtheateatin the PhD project. The strategy
therefore emerged that the Loch Lomond area woeldded to gain a grounding in the
capabilities that NEXTMap technology had to offand to develop approaches that
were considered useful for wider application in gegphological mapping. The Glen
Roy area would subsequently be employed to appdypihinciples and approaches

developed in the Loch Lomond study.

1.3 Aimsof the project

This PhD research project aims to examine the piateand limitations of NEXTMap
technology for the mapping and interpretation oflapaglacial landforms. The
objectives are to establish (a) the vertical aratiapresolution that can be realistically
achieved, (b) how well various landforms can baesented in NEXTMap images, (C)
how to optimize the manipulation of artificial lighncidence in order to enhance both
visualization of landforms and mapping approaclas] (d) assess the reliability of

gradient and other altitudinal measurements obdauseng NEXTMap.

The specific aims of this research related to tlodgectives were as follows:
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. To test the effects of illumination angle changesNEXTMap DEM data for
visualizing terrain features on NEXTMap;

. To assess and develop appropriate glacial landfmapping protocols using
NEXTMap DEM data, and to compare the results webrgorphological maps
based on field mapping;

. To develop appropriate analytical protocols forideg terrain surface altitude
measurements from NEXTMap-DEM data;

. To determine vertical error ranges of NEXTMap-DEMtal by comparing
measured results with fixed natural or artificiatfaces;

. To test published estimates of the surface gragliehstributions and degree of
deformation of well developed lake shorelines ierGRoy (the ‘Parallel Roads’)
as a special case study;

If possible, to assess whether the new resultgdas NEXTMap DEM data,
add to existing interpretations of the mode of fation and age of the

glacigenic landforms of the Glen Roy area.

1.4 Structure of the project

The thesis is structured as follows. Chapter 2 ides/the temporal and palaeoglacial

context relevant to the two test-case study areketed, i.e. Loch Lomond and Glen

Roy. According to current interpretations, both erécal in that they include evidence

for the former margins of the final phase of glé#om in Scotland, the Loch Lomond

Readvance (equivalent to the Younger Dryas Rea@vahblE continental Europe), but

also landforms attributed to the time when botlagmere subsumed under the last ice

sheet to occupy Britain. A brief introduction isthfore provided in Chapter 2 to the

background, terminology and age-span of limitslatigtion in NW Europe during the

Dimlington Stadial to Loch Lomond Stadial. Gredimrus is given to the evidence for
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the Loch Lomond Readvance in Scotland, as moshefféatures examined in this

thesis are associated with that phase of glaciation

Chapters 3 reviews remote sensing and digital 8@vanodels (DEM) and imagery
available in the UK, and their visualisation capigibs, with particular reference to
glacial landform mapping. Methods for image optiatian are also explored in this

chapter, and protocols developed for their appbcat

Chapter 4 uses the protocols developed in Chaptand tests them by mapping
landforms in the area immediately south of Loch boih and by comparing the results
with detailed geomorphological maps generated bld#based mapping. The results
obtained from the adoption of several different piag approaches are compared with

a NEXTMap-based method of optimized representaifdimear glacial landforms.

Chapter 5 introduces the second study area, GlgnaRd adjacent valleys, providing
information on its bedrock geology and topograpagd important features in key
drainage catchments that are crucial for undergtignithe sequence of events in this
area. It also provides a synopsis of key developsnehunderstanding of the glacial
history of the Glen Roy area. The most widely-ategpmodel of the sequence of
events in Glen Roy is then highlighted, and thigdelas the subject of scrutiny in the

chapters that follow.

Chapter 6 examines the evidence for the glaciathif Glen Roy in more detail, and
uses NEXTMap DEM data both to illustrate key feasrand to identify a number of
unresolved questions about the age and mode ofatammof some key landforms.
Some alternative interpretations are suggestederbasis of observations made from

NEXTMap DEM data, aided by an experiment in whibb former ice-dammed lakes
9



are superimposed on the maps to examine more \cléagl precise relationships

between the glacier limits, the lakes, and key fiarmds.

Chapter 7, the largest chapter in the thesis, otdd to the most exacting study
undertaken in this project, that of defining thetdbution, form and gradients of the
Parallel Roads. After reporting the results of sam&s undertaken to evaluate the
reliability and precision of NEXTMap altitude measments, the focus is trained on an
examination of the surfaces of the Parallel Roassetd on almost 32,000 individual
spot-height altitudinal measurements obtained fiégEXTMap data. The results are
used to assess (a) the degree of vertical precisitn which the shorelines can be
mapped using NEXTMap-generated data; (b) the degraehich the shorelines are
deformed or dislocated; and (c) whether, despieetifiects of localised dislocation or
deformation, regional glacio-isostatic trends aldhg former lake shorelines can be
discriminated using the extensive data-set of serimeasurements generated by this

project.

Finally, the results and conclusions of the workorted in chapters 6 and 7 are
integrated in Chapter 8 to highlight important neeas about the sequence of events in
Glen Roy, with particular attention paid to any nelwservations or developments
arising from the NEXTMap study. Some general cosiolus about the capabilities of

NEXTMap and suggestions for further work are alsulen
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2. Mapping the ice limits of the last (late Devensiane sheet in the

British Isles

2.1lIntroduction

This chapter provides the wider context for apm@teg the nature of the glacial
landform evidence in the Loch Lomond and Glen Raaa and its importance for the
development of ideas concerning the glaciatiorhefScottish Highlands during the last
cold stage. It will also therefore provide an exyplton of why these two areas were
selected for particular study in this thesis, inmg of their suitability for testing the
proficiency of NEXTMap DEM data as a mapping meditBome key terminology is
also defined, with respect to glacial and palaewalic events relating especially to the
interval between the attainment of maximum ice caltging the last glacial stage and
the final melting of the ice at the start of thelétene (see below), the period of most
relevance to the focus of this thesis. Glacial tguaents during this interval are better
resolved than for any other glacial period, becathseevidence is fresh and largely
undisturbed, while a range of dating methods camagygied to provide a reasonably
precise chronology for the sequence of events @ganal scale. Although not the
primary concern of this thesis, more refined retmiesions of the distribution and
timing of glacial ice during the most recent glasiage are important for understanding
the Earth’s oceanic and atmospheric circulatioait time, which in turn contributes to
the effort of generating better numerical modelsEafrth system processes. It is
important, therefore, to determine whether theafSdEXTMap DEM data can make a
significant contribution in that regard, by helpitay refine models of past glacial ice

cover.
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2.2The last ice sheet in Northern Europe

The last cold stage, which dates from ca. 100 KELt@ ka BP, is called the Devensian
in the British Isles and the Weichselian in muchcohtinental Europe (Lowe and
Walker 1997). The history of the expansion and reation of the north European ice
sheet during the Devensian is complex (see e.gr&lind Gibbard, 2004) and details
concerning the precise limits of the ice at its maxn stand are changing all of the
time, as new evidence is discovered. It is theeefitifficult to represent the maximal
limits of the last Eurasian ice sheet in overakwiwith accuracy. Figure 2.1, for
example, is based on a synthesis of the data alaila Svendsest al. in 2004, but is
already out of date, for more recent evidence ddsd reassessment of the limits in the
Barents Sea, NW Russia, northern Poland, the N&ethand SW Ireland (see various
papers in Ehlergt al., 2011). At present, there is no overview map lab& that

incorporates this latest information.

B "N BOH AN

14X E

1ZrE

HE 1 G50, aboit 20 ka

HI*H

4 J0°H arc R
Figure 2.1 Synthesis of the limits of the Eurasiaite sheet at the Late Weichselian/Devensian glacial

maximum based on evidence available to Svendsetral. (2004).
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The term widely employed in the literature for theximum expansion of ice during
the last cold stage is the ‘Last Glacial Maximuor' LGM, originally defined on the
basis of marine oxygen isotope records, for the tivhen ocean sediments record
maximal G® enrichment, initially considered to date to cat®@8 ka BP (Shackleton,
1987). However, the timing of maximum glacial exgian appears to have varied
world-wide, while the maximum globally-integratexpansion of ice according to
recent models of sea-level lowering appears to baea at around 25 ka BP (Peltier
and Fairbanks, 2006). The term LGM therefore da¢s$ave a universal application. In
the British Isles, however, the maximum stand oféresian ice appears to have been
achieved by around 22 ka BP (Bowaral., 2002), and this date will be adopted when
referring to the timing of the LGM in the Scottilighlands. Nevertheless, there is
growing evidence that indicates that the last leesin northern Europe did not achieve
its maximal limits contemporaneously, while thetgat of ice-margin retreat is
complicated by readvances or stillstands of icas €kidence is important, as it may

reflect important climatic controls over the chargice mass.

The late Weichselian stage in northern Europe aadiy divided into 3 cold episodes,
the Pleniglacial, Older Dryas and Younger Dryasdiala, separated by two warm
intervals, the Bglling and Allergd Interstadialoo(ke and Walker 1997). Although the
Greenland ice-core records indicate that this pegexperienced a more complex series
of climatic oscillations (Rasmussehal., 2008; Loweet al., 2008a), this terminology
has persisted in the literature. The Pleniglaci@dfl is roughly equivalent to the
interval in the Greenland ice cores spanning GesehBStadial 2a to Greenland Stadial
2c (GS-2a~GS-2c), to marine oxygen isotope Sta@él3-2) and to the LGM, as used
in its general sense. The Younger Dryas Stadiaboigghly equivalent to the cold
interval GS-1 in the Greenland ice core recordd,iatermed the Loch Lomond Stadial

(LLS) in the British Isles terminology (Figure 2ahd Table 2.1). The significance of
13



these terms will become apparent in discussionswbeFirst, a summary account is
provided of reconstructions of the ice behaviouerosontinental NW Europe from the

LGM onwards.
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Figure 2.2 Climatostratigraphic subdivision of thelast 30,000 years at a 50-year resolution based on
isotope variations in the NGRIP and GRIP ice-core ecords (from Lowe et al., 2008a). GS =

Greenland Stadial espidoes and Gl = Greenland Intstadial episodes.
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Research has suggested that northern Europe wasedolly a major ice dome which
formed over the north-western Barents Sea shelkandtually expanded to the western
and northern continental shelf margins during theniglacial (Lubinskiet al., 1996;
Polyaket al., 1997; Landviket al., 1998; Kleiberet al., 2000; Svendsed al., 2004)

(Figure 2.1).

Table 2.1 Definition of the termination, onset andduration of climatic events during the Late
Devensian based on the Greenland ice-core isotopiicstrated in Figure 2.2, and which forms the

prototype event stratigraphy for this period (from Lowe et al., 2008b).

Event Termination Onset Duration of event
(GICCO05 ageb2k) | (GICCO05 ageb2k)
Holocene - 11, 703 11, 703
GS-1 11, 703 12,896 1,193
Gl-1la 12, 896 13, 099 203
Gl-1b 13, 099 13, 311 212
Gl-1c 13, 311 13, 954 843
Gl-1d 13, 954 14, 075 121
Gl-1le 14, 075 14, 692 617
(1996 for GI-1)
GS-2a 14, 692 Not defined ?
GS-2b Not defined 20, 900 ?
GS-2c 20, 900 22,900 2000
Gl-2 23, 340 27, 540 4200
GS-3 27, 540 27, 780 240
GI-3 27, 780 28, 600 820
GS-4 28, 600 28, 900 300
Gl-4 28, 900 - -

The maximum extent of the Pleniglacial-LGM ice ghisemainly delimited by linear
moraine ridges and end moraines. The southern aginal zone is characterized by
several prominent moraine belts extending from hert Denmark through Germany
into Poland, and then northwards through the Batates and into European Russia
(Rinterknichtet al., 2005). In Germany, recession of the LGM ice nmarg delimited

by three sub-parallel moraines named (from southotth) the Brandenburg, Frankfurt
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and Pomeranian Moraines (Figure 2.3). Recent cosmogradionuclide dating of
boulders on these moraines suggests that theckasheet retreated northwards from the
Brandenburg Moraine around 19 ka BP, and from thenlurt and Pomeranian

moraines by c. 18 ka and 16 ka BP respectivelyr(étial., 2009).
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Figure 2.3 Geomorphological evidence for the maximm extent and recession of the late

Weichselian Fennoscandian ice sheet in northern Eape (from Lowe and Walker 1997).
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Major moraine ridges in Denmark have been corrdlat¢h those in Germany: the Mid
Jutland or Main Stationary Line moraine is consedethe equivalent of the Frankfurt
Moraine, whilst the more northerly East Jutlande_ia considered to be a continuation
of the Pomeranian Moraine (Lundquist, 1986; Hourdikdsen, 1989). In Poland, the
Leszno Moraine has been judged to be an extensithre Brandenburg Moraine, while
the Poznan Moraine and Pomorze Moraine have beeelated with the Frankfurt
Moraine and the Pomeranian Moraine respectivelyetrdat from the ‘Pomeranian
Moraine’ in Poland appears to have been more rettemt previously supposed, as
cosmogenic nuclide dating suggests a delay inaetnetil c. 14.3 ka BP (Rinterknecht
et al., 2005). The eastern margin of the last ice sisegt part indicated by the Orsha
Moraine in Belarus, and by other moraines arourdstbuthern margin of the eastern
Baltic. Cosmogenic nuclide dating suggests that ldst ice sheet in this region
advanced after c. 25 ka BP, reached its maximangxiy c. 21 ka BP, and began to
retreat by c. 19 ka BP (Rinterknedtal., 2006). It appears to have retreated from the
Orsha Moraine by c.17.7 ka BP (Rinterkneehtal., 2007). Overall, therefore, it
appears that the maximum expansion and key phésesre@at of the last Eurasian ice
sheet was not synchronous across the lowlands wmBi, Germany, Poland and the

Baltic region.

Following the Pomeranian stage, the north Europeansheet continued to retreat
during the Bglling Interstadial, Older Dryas Stadiéd Allergd Interstadial (GI-1

substages a to e in Table 2.1 and Figure 2.2).nDuhis interval, the dwindling ice

sheet left a series of sub-parallel moraines acnosthern Denmark and south-west
Sweden, named the Halland (coastal) Moraines (kal® 16 ka BP ), G6thenburg
Moraines (c. 15.4 ka to 14.5 ka BP), Berghem Ma=ifc. 14.4 ka to 14.2 ka BP),
Trollhattan Moraines (c. 14.2 ka BP), and Levenerditees (c. 13.4 ka BP) in SW

Sweden (Lundquist and Wohlfarth, 2001); the HvaWoraine in southern Norway
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(Andersonet al., 1995) and the Little Fiskebank Moraine in Denkn@tesje and Sejrup,
1988). The precise correlation of moraine ridgesnfithese different sectors is not yet
clear, for there are significant errors attacheth&dates that have been obtained so far.
In turn, this makes it difficult to establish theepise manner of the response of the ice
sheet to the climatic sub-stages defined in theeamd ice-core records. It is safe to
assume that the ice sheet was responding to aajecignatic improvement during
Greenland Interstadial 1, but the extent to whiativiidual moraine ridges during this

period reflect minor reversals in climate is difficto establish.

More confidence can be attached to a significaativance of the ice sheet margin
during the Younger Dryas (YD) Stadial (GS-1 in T@ll.1), which is attributed to a
significant climatic downturn. YD ice limits havieng been recognized, as for
example those that can be traced continuouslyithem Norway (the Tromsg—Lyngen
Moraines), along the west coast of Norway, paréidylin the Bergen area (Herdla
Moraines) and in southern Norway (Ra Moraines). idgemargin during the YD in
South Sweden is marked by the Middle Swedish Mesiand in Finland by the
Salpausselka Moraines (Figure 2.3). While thera iwidespread view that the ice
margins of the last European ice sheet did readvdndng the Younger Dryas Stadial,
again this does not appear to have been a synasoenent. Parts of the ice sheet
margin in western Norway appear to have reachenl thadvance limits later than
elsewhere (Bondevik and Mangerud, 2002), while Sagausselka Moraines form at
least three distinct ridges, are composed largebetiaic deposits and were associated
with a large ice lake that developed in the Bdisin. They may have been abandoned
at an earlier stage than in western or northerrmidpr(Bjorck, 1995; Rainict al.,
1995). Thus, although the ice sheet expanded assaltrof general climatic
deterioration, local factors may have influenced #xact manner in which the ice

margins behaved.
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2.3The last (Late Devensian) ice sheet in Britain antteland

The stratigraphic definition for the period of maim ice expansion in the British Isles
during the Late Devensian, which is broadly equmalto the ‘Pleniglacial’ of
continental Europe, is the Dimlington Stadial (Ro4®85). The ice cover that
developed over the British Isles during that tim&swnitially based on morphological
evidence on land, by contrasting the evidence N@awer Drift’ in England and Wales
(Bowenet al., 2002) and for the ‘South Irish End Moraine’ neland (McCabe, 1987)
with older, less well preserved features. More mdgehowever, new evidence has been
obtained from offshore, in the form of ice-margitahdforms and sedimentary units,
that enable former ice margins to be detected ersdia floor (e.g. Bradwaetdt al., 2007,
2008c; Grahanet al., 2007). Evidence for decay of the ice and reoesfiom the
maximal ice margin can be found in the form of sstenal moraines on land and
glaciomarine (deltaic) formations that mark whdre tce melted into shallow marine
conditions (e.g. Bowen, 1981; O’Cofaigh and EvaP@07; Hiemstraet al., 2006;
Phillips et al., 2008; Chiverell and Thomas, 2010). Despite tiealth of evidence that
has been amassed over recent decades, howeverethge position of the maximum
expanse of ice during the Dimlington Stadial reraartopic of considerable debate, as
reflected in Figure 2.4, which shows the degre&asfation in proposed maximal ice
limits published within the past 30 years or soe Picture is further complicated by the
more recent suggestions that the last ice sheeti@land may have been twice as large

as previously thought, covering the entire island more (Gibbard and Clark, 2011).

A further point of contention concerns whether at mthe last ice sheet in NW
continental Europe was confluent with the lastdbeet in Britain and Ireland. Several
of the reconstructions shown in Figure 2.4 assuraethe two ice masses were separate,
whereas the model shown in Figure 2.1 assumesthbgtconverged. New evidence

reported by Carret al. (2006) suggests the British and Fennoscandiansisets
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converged some time between 28 and 22 ka BP, thilngginatter remains contentious.
In view of the marked disparity between the mogetsented in Figures 2.1 and 2.4, it
may be some time before the overall configuratibthe maximum extent of the last

British ice sheet can be confidently portrayed.

N '?L&mﬁ Isiamds

Figure 2.4 Recent reconstructions of the maximum ¢ent of the Last Glacial Maximum (Late
Devensian) ice sheet over the British Isles (fromdilton and Hagdorn 2006). (1—Bowet al., 2002;
2—Hall, 1997; 3—Balson and Jeffrey, 1991; 4—Scose and Furze, 2001). Lines marked 5 show
the extent of readvances in the Irish Sea Basin, ineland (Synge, 1977), the Isle of Man (Dackombe
and Thomas, 1991) and Cumbria (Huddart, 1991). 6—ssible western margin of the Scandinavian
ice sheet at the LGM (Hall, 1997).

A number of recessional features have been propbsedghout the British Isles, some
of which have been interpreted as representingfsignt local readvances of the ice

margin after it withdrew from its maximum positiofihe evidence is too detailed and
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complex to summarise in this short section, bueisewed by Sutherland (1984a and
1984b) and more recently by Evaes al. (2005). Virtually all of the proposed
readvance events are dismissed because the agaghadence provides insufficient or
unambiguous evidence that fails to prove that teereadvanced; in most cases the
evidence could equally be interpreted as reprasgatiemporary halt in ice dissipation,
the climatic significance of which is difficult tassess. There is evidence, however, for
at least two readvance events in Scotland. Oneepesented by a distinctive
boulder-strewn ridge that can be traced over miidNester Ross in NW Scotland and
which is termed the Wester Ross Moraine. It hashlmkged to ¢. c. 16.3 ka BP by
Everestet al. (2006) and subsequently to c. 14.0 to 13.5 ka BMBdlantyneet al.
(2009). Both estimates are based on cosmogeniadeuthting and the disparity in the
estimates in part reflects different assumptiomddoal cosmogenic nuclide production
rates. So far, evidence for an equivalent glaciargim has not been convincingly
reported for other parts of Scotland, so it is kobwn (a) whether this moraine
represents a major readvance of the ice margib)owliether it is of local significance
only. Furthermore, if the age suggested by Evesest. (2006) is correct, it would
imply that the last ice sheet persisted till quate, perhaps even into the GlI-1 (Bglling)
interval, a view supported by Bradwe#t al. (2008b, 2008c) but criticized by

Ballantyne (2012).

The only significant readvance which has left cieadence throughout various parts of
Scotland is the Loch Lomond Readvance, which igsbated to the Younger Dryas
Stadial (the Loch Lomond Stadial in the Britishmérology). Evidence for this event
was first proposed in the 1860’s, when the ‘Gladiakory’ was still embryonic in
conception, but its significance was not firmly addished until J.B. Simpson
demonstrated in 1933 that the sediments in terndi@pbsits near the southern shores of

Loch Lomond contain marine shells, demonstratingt tihe ice had advanced over
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marine sediments (Sutherland, 1984b). Equivalemleee has subsequently been
found in association with several other former glaceadvance margins in Scotland,
the marine shells providing radiocarbon dates ¢batirm that the ice readvanced some
time after c. 11.0 to 11.7 k radiocarbon years BResently there is a wealth of
information to show that ice in Scotland had dweatby about c. 13 ka BP to an extent
that it either disappeared entirely from Scotlanevas confined to within the Grampian
Highlands, though it remains difficult to distinghi between these two possibilities
(Sutherland, 1984b; Golledge al., 2008). It is now widely accepted that the ice had
receded into the Highlands significantly during @drmed the Windermere Interstadial
in Britain (the Bglling-Allergd period in continaait Europe), and then readvanced

significantly during the Younger Dryas Stadial (hdcomond Stadial, or GS-1).

The landforms of the Loch Lomond Readvance have begpped in numerous parts of
the Highlands, because they are the best presgtaeidl landforms in the British Isles.

Because they were laid down during the last coldogle to affect the British Isles, the
resulting landforms have not been subjected to reeperiglacial conditions. They

therefore retain much fine detail, are frequentigirp-crested, characteristically display
perched boulders, and can be dated directly byngeraf methods (Benn, 1997; good
examples of the fineness of detail that can be mapp the field are provided in Benn
and Ballantyne 2005). The quality of the mappedrmiation has made possible the
reconstruction of individual cirque and valley g&as and the realization that the
biggest mass of ice accumulated in the western laligls of Scotland, with large

icefields centred over the SW Highlands, the Rahndoor plateau, the Nevis Range
and the mountains to the north-west and west ofGheat Glen (Figure 2.5). By

comparison, much smaller ice masses developedtibgeCairngorm Mountains, the far
north of Scotland and the Southern Uplands (Sissk8%9e). This overall pattern of ice

distribution remains to be refined in a number lakcps, but the evidence is particularly
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clear in the Loch Lomond and Glen Roy areas, an@# therefore to these two areas in
particular that attention was turned when seleat@ge areas for testing the capabilities

of NEXTMap technology.

2.4The Loch Lomond and Glen Roy study areas

In view of the complications and uncertainties thatround the nature of ice-marginal
retreat in Europe at the end of the last glacedet illustrated in sections 2.2 and 2.3,
care had to be exercised when selecting test-caas #or the application of NEXTMap
imagery. Areas in which the landforms were of utaia origin and/or subdued in
form should be avoided, as far as is possible,emtie study was not intended to be
purely one of morphological description, but oneicihcould make a contribution to
the advancement of understanding of the late Queaterhistory of the British Isles.
Hence the decision was made to focus on two atkad.och Lomond and Glen Roy
areas, both of which have been mapped at a highakpssolution, and both of which
contain clear evidence for the terminal positiofisn@jor ice margins of the Loch
Lomond Readvance. The former is non-controversidkrms of providing a pinning
position and age for the limit of the Loch Lomondd®vance. The latter, as explained
in subsequent chapters, has proved to be moreosensial, and somewhat more

complex.

Landforms in the Loch Lomond area are key to urtdadsng the glacial history of
Scotland. The pioneering work of Simpson (1933)icwieed to the coining of the term
Loch Lomond Readvance, has already been allude&fiutisequent mapping throughout
much of Scotland by J.B. Sissons (e.g. 1974, 19Y969d, 1979¢, 1980a, 1980b, 1982)
led to the pattern of ice cover in Scotland durihg Loch Lomond Readvance

becoming more refined, including confirmation oé thosition of the ice limit in the
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Loch Lomond area. The most detailed maps for géagg landforms in the Loch
Lomond area, however, were developed by Rose (19819 also placed the evidence
in a wider context, by combining the morphologicaith lithostratigraphical
observations. As a result, he has establishedideree in this area as the stratotype
sequence for the Loch Lomond Readvance. The ewdenaofirms that during that
period a large valley glacier, fed by ice formedcirques throughout the SW Scottish
Highlands, advanced down the length of the Loch dwthbasin, eventually to splay
out as a piedmont lobe on to the low ground justhto south of the present shore of

Loch Lomond (Figure. 2.5).

The key features in this area that enable the forogelimit to be reconstructed are a
major end-moraine complex that can be traced dwerground to the south of Loch
Lomond, and extensive fields of drumlins, some fednduring the Loch Lomond
Readvance that lie within (to the north/north-we8tthe terminal moraine, and some
attributed to Late Devensian ice sheet times. Thosthe latter category either lie
wholly outside the Loch Lomond Readvance terminalaime, or have been over-run
by Loch Lomond Readvance ice, which has modifiedirttsurface appearance.
Distinction between drumlins attributed to eitheategory has been made on
morphological grounds, by detailed field mappingl aemote sensing methods, the
results of which can be tested by lithostratigraphrecords (Rose, 1981; Rosteal.,
1988; Rose and Lloyd-Davies, 2003). This evidersaliscussed in more detail in
Chapter 4. The area was considered most suitakdetest-case for the application of
NEXTMap technology because the morphological festunave been independently
mapped in the field and subsequently using remetesisg methods, the results of
which show clear concordant spatial patterns imdiruform and axial trends (Smit#

al., 2006; Rose and Smith, 2008). The original magsl dsr the field mapping were
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made available by Professor Rose for comparisor witerpretations based on

NEXTmap.

This area therefore provided a relatively straightiard case in which the
morphological features presented (a) a distinctmegginal context and (b) contrasts
between features formed by Dimlington Stadial ind gounger landforms formed by
Loch Lomond Readvance ice. Furthermore the ageasittion of the terminal moraine
has been refined by a combination of varve chranoland radiocarbon dating, while
detailed analysis of the varves confirms the pasitf the ice margin, in the manner in
which it blocked local drainage (MacLeatl al., 2011). Hence the area appeared to
provide a non-controversial test-case for ‘groundking’ maps and interpretations

based upon NEXTMap DEM data (Chapter 4).

The Glen Roy area is also an iconic location in deselopment of the history of
glaciation in Scotland. Indeed, Agassiz visited dhea during his travels in Scotland in
1840, and was the first to suggest that the fanfaallel Roads of Glen Roy’ (ancient
lake shorelines) were formed by lakes that had begmounded by glacial ice.

Subsequent research by J.B. Sissons (Chapter 3pléte detailed mapping of the
glacial landforms throughout the area, and to thestndetailed examination yet
undertaken of the distribution and form of the Rard&oads. His conclusion was that
the majority of fresh glacial landforms, as wellths ‘Roads’ themselves, were formed
during the Loch Lomond Stadial, a conclusion coorabed by dating based on varved
lake sediments preserved in the area (Paknhal., 2010) and by cosmogenic nuclide

dates obtained from boulders on some of the lantfan Glen Roy (Fabet al., 2010).

As with the Loch Lomond area, a suite of landforsuggests that Loch Lomond

Readvance ice terminated in the Glen Roy aredarvicinity of location 13 in Figure
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2.5. The precise location of the maximum ice adeanto Glen Roy itself is generally
agreed by those who have previously mapped theigglaic features in this area
(Sissons, 1979b; Sissons and Cornish, 1982b; Pleat®86), but some differences of
opinion surround the interpretation and age of otbe-marginal features in adjacent
valleys, while the ages and mode of formation ofom#ans in Glen Roy are also
disputed. The ancient lake shorelines also prouiique near-horizontal features that
can be traced throughout the area, and which exdetke glacigenic features, providing
some information on the order of formation of diéfet landforms. Hence this area was
selected for further study, to provide a furthesttef the capabilities of NEXTMap
technology. The aims in this part of the study drégd in Chapters 6 and 7) were to (a)
apply the mapping methods developed in the studh@fLoch Lomond test case, and
compare the resulting landform interpretations vpthvious results for the Glen Roy
area based on field mapping and aerial photografif)ytest the degree to which the
technology could be used to map near-horizontdhees; and (c) examine whether the
new evidence helps to resolve some of the exislisgutes concerning the sequence of
events in Glen Roy at the end of the last gladafe. These aims were considered
important, because the evidence in the Glen Rog &eproving crucial for testing
numerical models of the growth of ice in Scotlanding the Loch Lomond Readvance,

as explained next.

2.5Numerical modeling of Loch Lomond Readvance ice greth in Scotland

Although the broad pattern of the ice masses thaéldped during the Loch Lomond
Readvance is emerging from the abundant geologeadence that exists, some
disputes and enigmas remain. As already mentioadatein this chapter, a long-held
view was that the Late Devensian ice sheet comipletelted during the Windermere

Interstadial (Bglling-Allergd or GI-1), and thateiavas re-generated anew during the
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Loch Lomond Stadial, building up the western Higlilldce mass and smaller cirque
glaciers afresh (Sutherland, 1984a). This has nieNMlgrbeen accepted, however, even
by proponents of this explanation, because theseah@ays been a question over the
time available to build up this large mass of icenf ‘scratch’. The Younger Dryas
interval, as defined by isotopic signals in the éhtand ice-core records, is estimated to
have lasted about 1200 years (12.9 to 11.7 GICGOBHK), which many regard as too
short a period to generate such a large body of Tibe alternative view, based on
reconstructions of the pattern of ice retreat i@ tloch Broom area in NW Scotland
(north of the Glen Roy area), is that the LLR washart-lived reactivation of the
residual mass of the down-wasting Late Devensiarsiteet, which persisted in large
parts of the Scottish Highlands (Bradwetlal. 2008b, 2008c). Furthermore, some of
the published reconstructions of Loch Lomond Rendgaglaciers have been
guestioned on the grounds of improbable glacieladyns (e.g. Golledge and Hubbard,
2005). In order to address questions such as tlmes®asing use is being made of
numerical models of the growth of glacier ice inoand during the Loch Lomond
Readvance. These use estimates of prevailing dtintainditions, especially snow
supply, topographic parameters, and glaciologigahdics to ‘grow’ the ice sheet over
prescribed intervals, in an attempt to establistatwik feasible under given forcing
conditions (e.g. Hubbard 1999; Golledgeal., 2008; Golledge 2010). One of the

outputs of such numerical modeling exercisesusitated in Figure 2.5.

A comparison between the ice limits based on nuwakemodeling compared with those
based on empirical studies shows an encouragingeeegf general agreement, but
some important differences in detail. The formernsd¢o exceed the latter in the north
and east, but under-estimate them in the west anth.sOf importance to the current
study: the empirical and modeled data provide ¢josetched inferences in the Loch

Lomond area, but are significantly different in tReen Roy and adjacent areas.
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Figure 2.5 Inferred maximal limits of Loch Lomond Readvance glacier ice in Scotland based on
numerical modeling (dashed lines) compared with irfrences based on empirical studies (grey
shaded area, solid lines) published between 195562007 (from Golledgeet al., 2008)

There are also differences in the suggested timfngaximum glacier expansion, with
the models suggesting this was achieved in the @arit of the Loch Lomond Stadial

(Golledge, 2010), while empirical evidence from hdoomond and Glen Roy suggest
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maximal positions were attained towards the entth@fcold phase (Palmetal., 2010;

MacLeodet al., 2011).

It is not the intention here to review the relativerits of numerical versus empirical
reconstructions of the Loch Lomond Readvance iaercom Scotland, as clearly both
approaches offer some important insights. Howetles, latter provide key pinning
points for testing the validity of the models, whics certainly the case in the Loch
Lomond area, where the ice position can be pintpdiin space and time with a high
degree of confidence (MacLeatlal., 2011). Strong empirical evidence also exists in
the Glen Roy area, but is not currently as clearasuthe evidence from Loch Lomond.
A major question addressed in this thesis, theeefisr whether NEXTMap DEM data
can resolve some of the questions surrounding &spéthe evidence in Glen Roy, and
whether, as a result, greater confidence can bachetl to the use of the
geomorphological evidence in this area to provigénaing point for numerical models

of the Loch Lomond Readvance ice cover in Scotland.
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3. Introduction to NEXTMap: testing its capabilities

3.1 Introduction

A precise and accurate base map is critical irkiallis of geography research. With
traditional ground-based surveys it is difficultaocurately determine the topography of
physically complex landscapes in remote areas. dfso time consuming and it is easy
to miss significant elements of the landscape daéipgrupon the type of survey carried
out. Remote sensing techniques have widely beeptadion contemporary landform
survey, especial for large and remote areas. Toadity, in the field of palaeo glacier
dynamics and ice sheet reconstruction, researclmmally use contours as the base
information (Rose and Letzer, 1975) and recordifmirvey results upon paper-based
topographic maps (Rose and Smith, 2008). Howevest mof the glacial landform
evidence covers large areas and is in remote avbash require the synthesis of
regional data sets and many problems exist witluénevation of data from paper-based
topographic maps. These have now been largelyaeglay remote sensing techniques

such as aerial photography, satellite imagery hadligital elevation models (DEMS).

The aim of this chapter is to determine and evalwétich are the best methods for
mapping glacial landforms in the UK. This chapteitl start by reviewing image

sources that are available in UK and evaluate thiéactiveness for glacial landform

mapping. Elements that effect the visualizion Emdliform representation capabilities
of the selected image data will also be examinedl @raluated through a series of
experiments in selected areas. In the final patthsf chapter, a new method will be
presented that will allow the selected landfornbégoresent most effectively on a single

image.
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3.2 Remote sensing imagery available in UK

Remote sensing imagery available for the UK camgioeiped into aerial photography,

satellite imagery and digital elevation models (D&MAerial photography has been
used extensively for high resolution landform vigaion and mapping since 1860
(Lillesandet al., 2004; p60). It gives us a bird’'s-eye view andldes us to see Earth

surface features in their spatial context for whety be a large area. However the
limitations of photo range, flying time and photagmetric processing makes aerial

photography a high cost option for much glaciabfanm mapping.

Satellite imagery here refers to Earth resourcellgatimagery launched after 1972.
The National Aeronautics and Space AdministratibddA$A) of USA launched
Landsat-1 on July 23, 1972 (Lillesaretl al., 2004; p404). This provided a new
method for researchers in observing the earth ceufaln comparison with aerial
photography, satellite imagery has large areal iages relatively low cost and enables
relatively rapid rates of mapping (Punkari, 1982ark, 1997). Resolution of satellite
imagery improved rapidly from 80 m (Landsat-1, M$&P.44 m (Quickbird, MSS) in
3 decades (Lillesand al., 2004). Classified by the imagery resolution va@ divide
satellite imagery into 3 groups, the low resolutronlti-spectral satellite imagery (e.qg.
Landsat 1~7), which offered maximum spatial resohg up to 30 m (MSS, TM, ETM
and ETM+); the medium resolution imagery which pdeg spatial resolution range
from 20 m (SPOT 1~4, XS) up to 10 m (SPOT-5, XS)g moderate detaiVery
high resolution imagery, which refers to spatiakolation smaller than 5 m, is
represented by IKONOS, with 4 m MSS and Quick-Bwith 2.44 MSS. These kinds of
imagery provide spatial resolutions close to lasgale aerial photography (1-4 m), but

it is more expensive than other scales of sateflisgery.
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In recent years DEMs have become perhaps the nopsigr data source for landform
mapping as they record absolute elevation informnativhich traditional aerial
photography and satellite imagery can not provigeng GIS software, the analysis of
DEMs allows researchers to view the landforms framy perspective and change the
illumination angle, in order to highlight particul@ndform features. Commonly, DEMs
are generated from three source types. i) Using Bpight data from field survey or
GPS survey. ii) Acquiring elevation data from thentours of topographic maps.
Satellite image capture operates in stereo-paiuistipn mode (eg. SPOT-5 and
ASTER). iii) From space or aircraft transportedamicrowave or light detection and
ranging (LIDAR) sensing techniques. Imagery suchSdmittle Radar Topography

Mission data (SRTM) and NEXTMap are typical exarspéthis source.

Smith et al. (2006) collected one satellite image (Landsatnidtéec Mapper) and six
DEM data sets (including LIDAR, NEXTMap Great Biitgrefer to NEXTMap in the
following text), Ordnance Survey Panorama and Rrdfefer to OS Panorama and OS
Profile), Landmap and Shuttle Radar Topography Mis¢refer to SRTM) (Table 3.1
and Figure 3.1) of a 100-Knregion north of Glasgow, west central Scotland, UK
(Figure 3.8). Among selected DEMs, OS PanoramaFantile are generated from the
contours of topographic contours. SRTM, Landmap aEXTMap are active
microwave based data sets and the first two aee BMEMs for use by the academic
community in the UK. An experiment was carried otd compare glacial
geomorphological mapping derived from remote sengimagery with 1: 10,000 scale
field mapping (Smittet al., 2006). The results show that of the resultsveerifrom the
remote sensing data sets, only NEXTMap providedrinétion that showed any
approximation to the field mapping. OS Panorama @&dProfile provided very poor

approximations, and the other images fail to prexady information of value.
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Table 3.1 Imagery used in Smithet al. (2006) with the resolution of the methods. The inge

reference refers to the parts of Figure 3.1 of thithesis.

Image Horizontal Vertical
reference resolution (m) resolution (m)
Landsat Thematic Mapper | A 30 --
Shuttle Radar Topography | B 90 6
Mission C-band (SRTM)
OS Panorama C 50 5
Landmap D 25 20
OS Profile E 10 5
NEXTMap F 5 1
LiDAR G 2 0.25
Field mapping H <1.0 |
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A. Landsat Thematic Mapper B. Shuttle Radar Topography
Mission C-band (SRTM)
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F. NEXTMa

E. OS Profile

DAR

i

G. L

Except the LIDAR image, the

Figure 3.1. Comparison of the imageries used in Sthi et al. (2006).

other images samples are present the same area.
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Mercer (2001) compared NEXTMap and LIDAR DEM data terms of the
methodologies and the price factor. His main caogiohs can be summarized as
follows.

1. The NEXTMap wavelength is X-Band (3 cm) which allbwto penetrate cloud
and haze; LIDAR wavelengths are in the near Infed &L nm) waveband which
does not penetrate cloud, and are heavily absdrpedater.

2. Unlike NEXTMap using side-looking geometry, LiDARewing is centred on
the lowest point which limits problems associatathvecclusion by buildings
and other solid objects.

3. The unit price of LIDAR is close to the areal phgrtphy but is about 5 times

greater than NEXTMap and around 100 times gredt@n the SPOT satellite

image (Figure 3.2).

DEM Cost vs Vertical Accuracy

PerialPhoto graphy

Interfero metric Radar

Unit Price

o
=
=
»
(2}
=

“Global

SPOT

elite Stereo Satellite

SAR

100 10 1
Vertical Accuracy (m) RMS

Febrary, 2001 Increasing Detail ——»

Figure 3.2 Comparison of LIDAR, NEXTMap (STAR-3i) and SPOT satellite image in terms of data

unit price and vertical accuracy (Mercer 2001).

With the improvement in spatial resolution of DENtem 90 m (SRTM) to 2 m

(LIiDAR), DEM data have become a progressively margortant data source.
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NEXTMap is the highest resolution DEM to cover thieole UK at the time of writing
this thesis but a variety of organisations (Envin@mt Agency, Natural Environment
Research Council (NERC)) currently fly survey aaftito acquire LIDAR DEM data.
In the future, it could be expected that the whdlke may be covered by very high

resolution LIDAR DEM data.

3.3 DEM Visualization Techniques

DEM visualization is the graphical recreation ofeal world scene through numerical
modelling and visualisation on a computer moniksteset al. (1983) mentioned that
human eye is particularly good at perceiving sulgtiey scale changes in an image.
Thus relief shading can be used very effectivelighlight topographic variation and
help to map landforms from DEMSs. Lidmar and Ber@str(1991) state that linear
landforms will less visible when shaded from a clien that is parallel to the
orientation of the linear landforms, but will becemmore visible when the light source
changes to an azimuth at angles to the landforrg botis. However, they did not
discuss the implications of how relief shading dobk implemented within a broad
mapping programme without the bias they had meatponr how shape can change for
those landforms that are not purely linear, wheswed under different light source
azimuths. These problems have been further disdumse illustrated in Smith (2003,

2005).

Smith (2003, 2005) compared 11 different DEM vigiagy methods (Table 3.2) and
tried to determine the optimal method for geomotphical mapping. Among the
visualizing methods described, relief shading insagecluding orthogonal, parallel and
intermediate illumination, are the most common aimdple but have the “illumination

bias problem” introduced above. This means the eshadpthe landform can become
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distorted and possibly even hidden depending oratimauth direction and elevation of

light source. The Dynamic lllumination VariabilifRotating Map) method consists of a

constantly changing direction (azimuth) of illumiiea in order to produce the relief

shading imagery. This provides the potential tonglate problems of bias caused by

the direction of light source, by generating a gwag pattern of light sources and hence

a changing pattern of images, so providing a figdu&l depiction of the landform being

studied

Smith and Wise (2007), stated that the represemtaif a landform is controlled by

three main elements, which are relative size, athiniasing and landform strength.

The relative size is the landform in relation te tiesolution of the image; the azimuth

biasing is the orientation of the landform withpest to the incident solar illumination

azimuth; and landform signal strength refers tottreal and textural definition of the

landform on an image. These three variables intepgoducing a complex “surface”

representing the landform.

Table 3.2 Methods for visualizing DEM data (after Llidmar and Bergstrom 1991; Smith, 2003; and Smith

2005). Image samples are show in Figure 3.3.

Method

Procedure used to
generate image

Advantages

Disadvantages

1. Relief
shading
(Hillshading)

This method
requires the creatio
of at least two relief
shaded images fron
a DEM - parallel
and orthogonal to
the principal
lineament direction.

This arrangement
nshould allow the
visualisation of all
nlandforms on the
image.

All the relief shading
imagery has azimuth
bias problems.

2. False colour
composite

In this method two
relief shaded image
were created as in

This has the effect of
scolouring areas of the
image that appear in

method (1), and

only one, or both,

Unsatisfactory as th¢

> variation in colour

distracts the eye

U

from the underlying
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assigned to a
different monitor
colour (i.e. image 1
is viewed as blue,
and image 2 as

images.

terrain making
mapping difficult.

green).

3. Statistical Methods include Can be used to isolatel. This is relative
Analysis addition, and emphasize traits| within the small
(Mainly use subtraction, or features from 2 or | scale study area (i.e
Principal minimum, more input images. | a global or
Component maximum and mean continental scale)
Analysis - between different and does not
PCA) images. The highlight smaller,

parallel and localised, elevation

orthogonal relief
shaded images wer
used to run the PC/
program

variations

2. The transverse
ridges might become
subtle such that an
inexperienced
observer would not
identify them

properly

4. Combination

Using Remote

This technique can b

117

Viewing sensing software to| used to jointly map
load several images,two alternatively
layered on top of shaded DEMs to
each other to fade orfacilitate a visual
flicker between Comparison.
these layers.

5. Dynamic Generate the relief | Providing a full, There is currently ng
lllumination shading images withvisual, depiction of | easy method by
Variability a constantly landform which mapping can

(Rotating map) | changing representation changetake place.

illumination with azimuth.

azimuth range from
0° - 360°. Put all
those images
together to become
an animated GIF

file.
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6. Gradient Created in the same Lineaments are The transverse
way asrelief topographically landforms in this
shading except distinct as a result of | imagery are less
using a solar their elevation distinct.
elevation of 90°. difference from the

surrounding terrain.
The brightness of
each pixel is directly
related to slope angle
so that bright areas
are flat, and dark
areas are steep.
7. Slope Calculated in 1. Regional outlines | There are hints that
Curvature ARC/INFO, based | and ridges are clearly transverse ridge
on the method of | discernible and not | landforms can be
Zevenbergen and | only are they observed, however
Thorne (1987) highlighted but they | they are not visually
are also normalised | strong and might be
for elevation. considered as noise
2. This image is not
illuminated, there is
no azimuth bias.
8.3D The DEM provides | Typically used to 1. No software is
Perspective elevation data, it is | view a landscape available to direct
Viewing possible to generate obliquely and digitising from such
3D view in GIS generate imagery at present.
software using Arc | “fly-throughs”. 2. The process is
Scene or overlay it time consuming and
with thematic is not suitable for
information (map or rapid mapping.
satellite image)
9. Stereo Create stereo-pair | 1. Normally used to
Viewing image from the introduce parallax

DEM and then
overlay with
thematic data

effects into the
resultant image
making it viewable as
a 3D scene

2. Direct digitisation

is possible and it can

also perform stereo
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perspective viewing
and “fly-throughs”.

10. Localised The input image is | Local topographic Transverse
Spatial partitioned into variations can be landforms are not
Enhancement-| windows, and the | selectively enhanced| clearly outlined
Adaptive transformation by using this method, although a small
Filtering parameters are number can be

calculated for each observed by using
pixel as a linear this method.
interpolation of the

stretch parameters

for adjoining

blocks.

11. Localised Textural Can be used to The produced result
Spatial information within | selectively highlight | similar toslope
Enhancement | gridded elevation | textural elements curvature.

- Texture data is typified by | within imagery
Filter small, apparently

random, changes in
elevation. For
lineaments these ar
spatially correlated
so that texture
filtering can
highlight them.

This procedure can
be done by using
imagery process
software (Erdas

e

Imagine)

UJ
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1. Relief shading

2. False colour composite

3. Statistically generated

e,

e
e

2

7900

I

Enhancement

Ed SAF
s bt -.ig =

Figure 3.3 Sample imageries of each DEM visualizath method. (all imageries are from Smith

(2003)). Further details on each of these methodseagiven in the Table 3.2 and in the text
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In theory, the rotating map will provide the optimaagery for landform mapping

because it contains full information (including lmgonal, parallel and intermediate
illumination) for each landform. This map is inckdlin this thesis as Appendix 1, and
can be viewed on the CD enclosed in the foldehaend of the thesis. However, this
method was abandoned by Smith (2003, 2005) and oislkd to demonstrate
“illumination bias”. The reason given was that tharas no practical software by which

it is possible to map directly onto the rotatingage.

Smith (2003, 2005) then selected 7 DEM visualizatitethods (Table 3.3) to compare
their effectiveness as sources for geomorphologiagdping. He concluded that all the
single image methodological approaches have limitatand provide an incomplete
representation of the terrain being mapped. Amomgsd visualization methods,
orthogonal and parallel illuminations are most effee for identifying lineaments,
ridges and hillocks. The orthogonal illuminationtadgerforms well at identifying
lineaments and hillocks, but poorly for ridges, Mhihe parallel illumination data
performs well for hillocks and ridges, but poorty fineaments. However, Smith (2003)
suggested beginning mapping with slope curvatiata due to the fact that it is bias free
with respect to orientation and provides satisfactesults arising from the study of
lineaments, hillocks and ridges. Smith (2003) atsentioned that the mapping results
need to be revised with parallahd orthogonal illumination data as the process of
mapping progresses. The remaining images haveehtf@dvantages and weaknesses
but are less informative than slope curvature, agtimal illumination and parallel

illumination.

The findings of Smith (2003) indicate that imagesdoced through relief shading have
the potential to satisfy most of the demands otiglalandform mapping. Although

relief shading has the so call “azimuth illuminatioias” problem this can be overcome
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by using the rotating map technique (Appendix 2)e Totating map method not only
has the potential to solve the illumination biasljpems, but it also provides a full,
visual depiction of the landforms with the chandeanmuth. Another advantage of
using the rotating map is that it uses relief shadimagery which can be manipulated
by most GIS analytical models (Spatial Analyst &l Analyst). However the slope
curvature imagery can be only generated by specifivare such as ESRI Arcinfo,
which is the full function version of ESRI Arc Gi&d is more expensive than the
essential Arc View including spatial or 3D analysiodel. Therefore, from the
financial-and user’s-accessibility point of viewetrotating map method produced from
the relief shaded imagery is more economic and eoewnt than slope curvature

imagery.

Table 3.3 Numerical comparison of different DEM imae conditions (from Smith, 2003).

Landform Lineament Hillock Ridge Total
Lineament
Length (km)

Slope 361 84 10 297

Curvature

PCA 271 29 10 218

Orthogonal 371 101 0 289

lllumination

Parallel 176 120 20 146

lllumination

Intermediate 330 75 0 146

lllumination

Local Contrast | 267 45 0 234

oStretch

Overhead 273 102 0 218

llumination

Truth 442 109 25 263

Control 382 117 0 260

(Orthogonal

lllumination)

As a result of these conclusions the relief shadmeghod will be used in this research
for DEM representation, and the ability and progeduof using rotating maps for

landform analysis will be evaluated and definethm following section of this chapter.
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In addition to the points described above, anotrey important factor needs to be
considered in using relief-shading. This is thesclion from which the illumination is
derived. This is shown in Figure 3.4 which is Mey Corrie area at the eastern side
of Glen Roy in the northwestern Highlands, Scotlafite NEXTMap image on Figure
3.4B is produced by using illumination from the #$oyAzimuth 180°) while the
illumination of Figure 3.4C is from the north (Azutth 0/360°). Preliminary analysis of
Figure 3.4B reveals problems in determining whatualley bottom is and what the hill
top is. This is because for normal vision, illumioa comes from the front (north
hemisphere; 0°~90° and 270°~360°). Thus terrainnfag¢he north will appear in
brighter tones while that facing south will be iarkl tones (Figure 3.4C). If the
illumination is from the opposite direction, outarpretation become confused and it is
difficult to make a correct interpretation (Figu8e4B). It is for this reason that most
general texts suggest illuminating from the NW (31GIS software is normally set to
this value as a default in generating relief shgdimage). However, from the point of
view of geomorphological interpretation the direatiof illumination is most effective
when it is normal to the dominant landform lineatsenSeveral authors have
commented on the bias that mag introduced by single azimuth illumination (Graha
and Grant, 1991; Lidmar-Bergstroghal. 1991) and the suggestion has been made that
two illumination angles should be used: orthogawwabne another, and parallel and

normal to the dominant lineament orientation.
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Figure 3.4 Different directions of illumination used to demonstrate the effects on the image
visibility and interpretation in the Moy Corrie are a at the eastern side of Glen Roy, northwestern
Highlands, Scotland. Image B is produced by usindllumination from the south direction
(Azimuth 180°) while the illumination of image C isfrom the north direction (Azimuth 0/360°).
This figure is related to Figure 3.5 which uses thdefault setting of the azimuth and altitude angle

in GIS software.
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Figure 3.5 Example of relief shading image using thdefault illumination direction and elevation
(Azimuth: 315° , Elevation 45°) settings in GIS. fie Location of this image is in the Moy Corrie

area at the eastern side of Glen Roy northwesternighlands, Scotland as shown in Figure 3.4A.

3.4 Characteristics of NEXTMap Great Britain™
NEXTMap Great Britaifi" (NEXTMap) is one kind of airborne IfSAR (Interfeneter

Synthetic Aperture Rader) image generated by Irdprntechnologies Inc. This
programme of mapping was commissioned by Norwicholmplc for insurance

purposes, but has since been widely used in Eartbn& research (INTERMAP
product handbook and quick start guide, version, 2804). IfSAR is an active

microwave earth sensing technique, it employs xdbadiation which can penetrate
cloud, rain and smoke (lat al., 2002). Compared to the other kinds of sensor, RSA
imagery is good at detecting topographic variatioe to the oblique viewing angle of
the sensor, whereas the visible and near infra(kdR) sensors use near-vertical
viewing angle. Another advantage of IfSAR imagesythat it does not have fixed

illumination and azimuth angles unlike optical ireag (for instance: Landsat) and,
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therefore, can be viewed with the light source atymg directions (azimuths) and
angles of elevation on different images, accordimgchoice. Details of NEXTMap

technical data are given in Table 3.4.

Table 3.4 NEXTMap Great Britain technical data (from Li et al., 2002 and 2004; Mercer, 2001)

Sensor Intermap Star-3i Airborne InterferometddRS

Flying Height 9144 ~ 6096 m above mean groundlleve
Band X-Band

Acquisition Date | Dec/2002 ~ May/2004

Spatial Accuracy| 5 m (DSM, DTM); 2.5 m (ORI)

Vertical Accuracy] 0.5~1 m

Basically, NEXTMap contains three types of image:
1. Orthorectified radar image (ORI)
2. Digital terrain model (DTM)

3. Digital surface model (DSM)

These properties can be illustrated by work froe dhea around the southern part of
Loch Lomond just south of the western Highlandsa@@bw area), and in the area
around Glen Roy in the northwest Scottish Highlaridss latter work, which is part of

this thesis, has been published in part in ChenRoosk (2008a, 2008b and 2008c).

3.5 Experiments

3.5.1 Research sites

This section will re-evaluate elements controllithg representation of landforms as
proposed by Smith and Wise (2007), and will mafolyus on the effects of the azimuth,
altitude angle and image contrast changes. To aehies NEXTMap DEM data have

been used to provide the most realistic approxmnatif field mapping at a 1:10,000
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scale, compared to other remote sensing imageBesitl{ et al., 2006). Glacial
landforms from the Glasgow and Glen Roy areas baea selected for the experiments

(Figures 3.6, 3.7 and 3.8).

Figure 3.6 Location of the Glen Roy and Glasgow stly areas in UK. (This map is re-generated
using ESRI sample data in Arc GIS 9.2)

i) The Glen Roy area (Figure 3.6), is situated in west Highlands of Scotland,
approximately 15 km to the northeast of Fort Williand the mountain range of Ben
Nevis. In this chapter, different types of imagesSi, DTM and DIFF) are used to
represent the area at Glen Turret near the he@deof Roy (Figure 3.7) and to evaluate

the characteristics of NEXTMap DEM data.
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Figure 3.7 Location of the of the Glen Turret areaat the northern end of Glen Roy, north West
Highlands, Scotland. (This image is taken from Godg-Map, July 2010)

i) The Glasgow area, including the southern Loch Ladneegion (Figure 3.6 and 3.8)
is in the western part of the Midland Valley of 8and, just south of the western
Highlands. The study area covers about 756 &nt was initially mapped by Rose in
the 1960s and 1970s (Rose and Smith, 2008) andubeth to evaluate the mapping
ability of remote sensing imageries acquired byed#nt sensors (Smitét al., 2006).

In this section, this area was chosen for testiegeffects of azimuth, altitude angle and

image contrast change.
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Figure 3.8 Location of the Glasgow area of wester@entral Scotland to show the regions selected

for detailed examination of DEM imagery (This images taken from Google-Map, July 2010)

3.5.2 Evaluation of glacial landforms using ORI, D& and DTM NEXTMap data

i) An ORI image resembles an orthorectified, black whde aerial photograph, with a
1.25 metre pixel size (L&t al., 2004). This is illustrated in Figure 3.9 from tGen
Turrett area of Glen Roy. From this image, featuikes roads and fences are clearly
visible. Water bodies, dry river beds, cliffs withhck exposures and steep valley
trenches are also distinct on this image. In cehtitee proglacial lake shorelines on the
right-hand side of Figure 3.9 are hardly visibleze@ll, the ORI image is good for
features with strong colour and texture contrasttherefore can be used to extract road
and river channels, but features such as shorelitesh are covered by the same

vegetation are poorly represented.
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Figure 3.9 The ORI NEXTMap image of the Glen Turretarea at the northern end of Glen Roy,
northwestern Highlands, Scotland (from Chen and Ras, 2008a).

i) The digital surface model (DSM) displays the fissirface on the ground that the
radar strikes. These include terrain featuresdimgk and vegetation such as forests and
large trees (L&t al., 2004). Figure 3.10 is a sample of a DSM image. Typs of image
has widely been adopted for much topographic mapgis main advantage is that it
display the first surface on the ground that isickrby the radar wave — including

terrain features and features such as buildingsgpbtines and large trees or forests.

iii) Figure 3.11 is the digital terrain model (DTM), ialn was created from the DSM,
by digitally removing all the vegetation and mand®deatures. The DSM has a vertical
accuracy of 1 metre root mean squared error (RM&te) the DTM has a vertical
accuracy specification of 2 metre RMSE. Spatiablkgfon for both images is 5 metres

(Li etal., 2004).
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Figure 3.10 A DSM image of the Glen Turret area athe northern end of Glen Roy northwestern
Highlands, Scotland (from Chen and Rose, 2008a).
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Figure 3.11 A DTM image of the Glen Turret area atthe northern end of Glen Roy northwestern

Highlands, Scotland (from Chen and Rose, 2008a).
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Iv) A DIFF image has been created to show the feathe¢dad been removed from the
DSM to create the DTM (Figure 3.11). It is apparbytstudying Figure 3.11 which

shows many of the fine resolution features, andestemdforms such as shorelines,
moraine ridges, meltwater channels and river terradges are clearly visible. This
means that the process of removal has not only vechthe vegetation and man-made
features, but also a number of landforms, or atlpart of the landform image. Thus
the DTM images must be used with caution when #reyused to describe and interpret

the geomorphology.
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Figure 3.12 A DIFF image, created by elements of ¢himage removed to turn the DSM into the
DTM. This shows shorelines, moraine ridges, meltwat channels and river terrace bluffs
indicating that on the DTM these features are repreented by a degraded image. Based on the
Glen Turret area at the northern end of Glen Roy nathwestern Highlands, Scotland (from Chen
and Rose, 2008a) and should be related to Figure®933.10 and 3.11.
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A comparison of the DSM, DTM and ORI images demates that ORI images have
the ability to represent artificial features such fances very effectively, whereas
geomorphological features such as moraine ridgdssharelines and river terraces are
clearly identified on the DSM image. Although th&IOimage has the finest spatial
resolution of the three image types, features yugh slight elevation and small slope
variation and are covered by vegetation, are hardantify. Thus, the ORI image looks
more “flat” than the other two images and landfosush as shorelines, moraine ridges

and river terraces are relatively indistinct.

From the above comparison, it can be seen thaD®ld data are more effective in
representing glacial and fluvial landforms than d¢iieer two data types. The DSM data

will therefore be used for future analysis.

3.5.3 Experiments designed to examine the effectivess of DSM data for the

representation of landforms

1) Altitude testing (Landform Signal Strength testing)

In order to assess the effect of varying solaralens on the representation of landform
on DEM data, relief shading imageries with diffaresolar elevations were created.
All the relief shading plots in this experiment bdixed the azimuth angle at 360° and
set the imagery contrast as %60This test is mainly applied to drumlin landforissd
previous studies have suggested that low solarattev is more suitable for the
representation of linear features (Smith and W26€7). The altitude testing range in

this research is from 0° to 45° with changes &t mterval.

i) Azimuth testing (Azimuth Biasing Effect testing
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There are two tests within this experiment. Thstfis to assess the effect of changing
the azimuth angle. In this test images are giveraamuth that varies in 40° steps.
The altitude angle is fixed at 25° and set the emagontrast as +&0. The testing

range varies from 40° to 360°. A relative comparises then performed between the

imageries.

The second test is to evaluate the effect of the ef the steps between changes in
azimuth for landform mapping. In this test, thentlination azimuth was changed at 10°,
20°, 30° and 40° intervals. The altitude angle mmagery contrast setting were same as
the first test. lllumination directions were 33340°, 350°, 360°, 10°, 20°, 30°, 40° and

50°.

lii) Contrast

In order to assess the effect of varying contrasiplots of landform representation,
compilations of DEM data plots of varying contrastting were compared. A constant
altitude and azimuth angle was maintained and wass 360° and 25° respectively.
Although the range in GIS environment can be chdrigem +10% to -100; (+100

% means all black; -100 means all white) the negative value will make ithagery
lose its diversity and decrease the ability ofithage to represent the landforms. In this

experiment, tests were carried out fron¥ 1Go 90; with changes at 20 intervals.

3.5.4 Analysis of experimental results

In this section the relief shading images in thehen Glasgow area of western Central
Scotland (Figure 3.8 and 3.13) are used to evahmtethe main factors that determine

the ability of plots to represent landforms.
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Loch Lomond

Figure 3.15

Figure 3.18

COSR

Figure 3.13 Location of samples in the Glasgow arez western Central Scotland, UK.

i) Altitude testing

Figure 3.14 demonstrates the altitude effect onlfam representation. This figure
shows that drumlins become less distinct as thiearfghe elevation of the light-source
increases. A suitable angle in which the light-sewsffectively illuminates the drumlins
is between 5° and 25°. Although drumlins can betnotesarly seen with and altitude
angle of 5° this is not recommended for the follogvireasons: 1) Although the low
elevation light-source does enhance some landfevimsh have high relief difference,
it will also make the low relief landforms beconesd distinct. 2) The effect of low
elevation light-source can be simulated by adjgstihe contrast ratio. From the
author’'s experience it is recommended that theaude angle is most effective as
the initial setting, particularly on a relativellaff area. However, it should be noted that

this setting can be changed later if there aredfit mapping purpose.

i) Azimuth changing effects
57



Figure 3.15 is used to assess the effect of changhs azimuth angle. From this figure,
landforms (drumlins) are well represented with a#im40°, 160°, 200° and 360°, but
hard to distinguished with azimuths of 80° and 280DRis is because of the main
orientation of drumlins is west - east. The azimanigle which is orthogonal with main
orientation of the landform intersects the largestace area and thus reflects most light.
In contrast, when the light source is parallel he tandforms the amount of light is
minimal and the landforms are less obvious. Thisalted the “azimuth illumination
bias”. Here, the author would like to propose a newmcept and interpretation to

minimise the problems caused by illumination bias.

Figure 3.16 illustrates the effects of azimuthniination bias on the representation of
drumlin landforms. It is clear that Figures 3.1&8d 3.16.4 provide most of the
landform information, whereas Figures 3.16.1 antb.3. are ineffective. Normally,
images Figures 3.16.1 and 3.16.3 would be abandoni@ process of using the relief
shading imagery for landform mapping. However, & Wok closer we can see that
Figures 3.5.1 and 3.16.3 show the stoss part otlthenlins more successfully as this
part is orthogonal to the light source. Figure 3lluatrates the illumination effect on
cirque landforms. In contrast to the near lineaapghof drumlins, where the main
boundaries can be represented with an orthogagtdldiource, the rounded shape of the
cirque means that no single illumination angle cfow most of the boundaries.
Consequently, this kind of landform needs a diffier@pproach and the use of a wide
range of images with a wide range of azimuthal dfiogs. Since there are no real
“points” or “linearities” in the real world landfors should be treated as “polygons”.
Hence, the true orthogonal angle of each landfdmoulsl vary around the boundary.
Each individual image provides information whicle thther illumination angles cannot
represent. Thus although the “illumination biastusas some problems for landform

boundary delimitation it also provides some usdfulformation. Therefore it is
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recommended that no image should be abandonedoriliiavay to acquire sufficient
information is to systematically organize the immgeth different azimuthal directions
and put all of the images together to generate Bym#lumination Variability Imagery

which is renamed as “the rotating map” in this azsk.
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Figure 3.14 Comparison of altitude angle change ef€ts on topography
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Figure 3.15 Comparison of azimuth angle change effes on topography.
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3. Azumuth:270°, Altitude:25°, Contrast:60%

Figure 3.16 Comparison of the illumination effect a drumlin

It is necessary to establish the concept of anpaabe tolerance range for the azimuth
angle that represents a single landform, espeaiign we are concerned about the use
of single or limited images to represent most efghound truth. Figure 3.18 has been
constructed to answer this question. This figurewsh three groups arranged
horizontally with 10° changes in azimuthal anglee Tmages in this figure show little
variation, one from another. This is because edcthe images shown is within the
acceptable tolerance range for the landform typ@edding upon the size, shape and
environment surrounding of the image. If, in thése, we treat the image with azimuth
10° as “truth”, the acceptable tolerance rangezismath 10°£30°. It is interesting to
note that with imageries with azimuth 330° and 5@igd especially that the azimuth
330°, some elements of the boundary features &t ifto some of the low relief

drumlins.
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Figure 3.17 Comparison of the illumination effect a cirque (Creag Meagaidh is located at

northwestern Highlands of Scotland. Close to the @h Roy valley).
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Figure 3.18 Comparison of images in response to amges in the azimuthal angles of illumination.

+40° intervals.
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The values range from 10°
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Figure 3.19 Comparison of image contrast values upahe representation of drumlin topography
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iii) Effects of changing image contrast

The contrast value is mainly applied to enhance d#hdity to detect relevant
information from images. In Figure 3.19 drumlingte more and more distinct as the
contrast is increased. However, although this ¢ghlight some landforms, the increase
in contrast may also obscure part of the detapeeslly for those landforms which
have low relief. In this experiment, the main lardi within the test area is well
developed drumlins. It is the opinion of the auttitat suitable contrast rates are 50%,

60% and 70%, but 60% is selected in this case.

3.6 Conclusions

As the advent of cheap and high resolution DEM dataapidly increasing and
approaching, new methods are needed to make besbfuthis resource. The most
important conclusion to draw from the above residtghat although a variety of
methods can be used to visualize map landforms f@EM (NEXTMap) data,
relief-shading imagery, especially in conjunctioithwthe rotating map is the most
economic and powerful method to achieve the demaafismost kinds of

geomorphological mapping.

The rotating map, with constantly changing illumioa azimuths, is the only method
that can not only provide a full, visual, depictioh landform information, but also

information that can be used to test the qualitg>a$ting mapping.

A comparison of the DSM, DTM and ORI images of NBWdp data demonstrates that
ORI images have the ability to represent artificiahtures such as fences very
effectively, whereas geomorphological features sashmoraine ridges and shorelines

and river terraces are clearly identified on thevD&ata. Although the ORI data have
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the finest spatial resolution among three imagesyfeatures with just slight elevation
and small slope variation that are covered by \aget are hard to identify. Thus, the
ORI data look “flatter” than the other two data#gpand landforms such as shorelines,
moraine ridges and river terraces are relativedysiimct. The DIFF image shows many
of the fine resolution features and some landfosonsh as shorelines, moraine ridges,
meltwater channels and river terrace edges arelglesible. This means that the
process of generating the DTM data has not onlyoxeat the vegetation and man-made
features from the DSM image, but also removes ditise Earth surface which are not
vegetation or man-made features. Thus the DTM datat be viewed with caution
when used to describe and interpret the Earthfaseir DSM data are recommended for

use in glacial and fluvial landform research.
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4. Glacial landform mapping using NEXTMap: scoping execises

4.1 Introduction

When climate change issues appear as newspapdmeetdtes more and more often,
the need to know how the Earth’s climate systemkwdsecomes more than an
academic exercise. It is impossible to understaadtey how this system works and its
range of climate styles, solely from modern enuments or limited historical archives.
Systematic reconstruction and analysis of the paiagronment is an additional way of
investigating this problem. Among these reconsioanst an understanding of the extent,
flow geometry and topography of former ice shegtsrucial because of the increasing
perception of the importance of the cryospherena Earth—ocean—atmosphere system
and as a consequence of, and control of climatageh&Shin and Barron, 1989), sea
level change (Denton and Hughes, 1981; Boudtoa., 1985, 1991; Lambeck, 1993a,
1993b, 1995), glacial-isostasy (Lambeck, 1991, 4993®93b, 1995; Shennaah al.,
2000, 2002; Smitlet al., 2006) and neotectonics (Sissons, 1972; Sissah<amish,

1982; Ringrose, 1989b; Firth, 1992; Firth and Stewz900).

Basically, methods for reconstructing former iceeets can be divided into
empirically-based models and numerically-based nso@anpirically-based models use
evidence collected from field survey or remote sensmagery to build a sequential
pattern of ice dynamics (Ballantyne and McCarrbd95; Ballantyne and Hallam, 2001;
Stone and Ballantyne, 2006). Numerically- based ef®odre mainly based on the
factors that control mass balance (temperaturecigtation amount and spatial

gradients) and other influential factors such asleeel and typical geothermal heat flux
(Hubbard, 1999; Golledge, 2006, 2007, Golledgeal., 2008). However, in both

methods, detailed ground truthing in the form afogsl landform evidence, often in the

form of maps, is essential for model building agsting.
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Clark et al. (2004) collected information from around 2000 pstéd papers, reports
and maps that relate to the Last (Late DevensiamisiB Ilce Sheet. Geomorphological
evidence of glaciation in Britain was entered ithe BRITICE GIS, from which the
‘Glacial Map of Britain’ has been produced. Thistalese contains most glacial
geomorphological evidence for the UK although muymhblished information is
substantiated. Data collected in this project waoe tested or assessed against other
information or by other methods. Therefore it isiatal to apply higher resolution
imagery with efficient mapping methods and robusid asystematic assessment

procedures, to test mapped results.

Mapping results obtained from DEMs are a reflectibthe operator's mapping ability
and experience, physical characteristics of thegenaand the visualization method
applied. The effect of operator's mapping abilitydaexperience has been studied and
demonstrated to be highly variable between diffeodservers (Smith and Wise, 2007).
Although it is hard to remove this variability colegely it can be mitigated by well

defined and meticulous mapping procedures.

The aim of this chapter is to develop a mapping@dare for the use of NEXTMap and
use it to examine and evaluate glacial landformpirapcapabilities through a series of
experiments in selected areas. This chapter vaitt sty defining the mapping procedure
followed by a series of experiments using NEXTMapeixamine and evaluate the
topography of moraine ridges, hummocky morainemeéand kettle assemblages and
meltwater channel mapping. The sample region istka of northern Glasgow in west
central Scotland, mapped originally by Rose in 1B60s and 1970s (Rose and Smith,
2008). A new method by which landform shape caoftenized on single images has

been developed and is discussed and illustratdeeifinal part of this chapter.
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4.2 Mapping Procedures

A well defined and meticulous mapping procedurd wiitigate errors due to operator
bias. This mapping method is based on relief slsadenerated from NEXTMap and
applies the principle of a rotating light sourcbug testing the full range of visual
perspectives of any landform. The main softwarel dsethis process is ESRI Arc GIS
9.2 with the Spatial Analyst extension. Adobe-InmegiReady CS2 is also used to
generate the rotating map (see Appendix 1). Thegs®of carrying out this mapping

procedure is described in the following sequence:

Step 1: Choosing the angle of altitude of the lighgource.

The procedure starts by determining the angle tifudé of the light source. This

process begins with the user generating imagesesywa light source with different

angles of elevation, but with a constant azimuthedction. The azimuth was set as
360°/ 0° and the angle of elevation was changésf attervals (Figure 4.1). Based on
this experiment it is recommended that the anglel®fation of the light source should
be 25° from the horizontal, for an area that iatre¢ly flat, although it should be noted

that this setting can be changed for differenefednd different mapping purposes.

Step 2: Generating relief shading with fixed anglef light source and variable

angle of azimuth.

After the angle of the light source has been datexd) the next step is to generate
relief shaded on NEXTMap DEM plots. In this stejpe tangle of the light source is
fixed (25° in this case, but an alternative carubed if that is more suitable), but the

direction from which the light source is derivedzifauth angle) is changed. In this
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experiment we use steps of 10°, from 10° to 360°tlat each image has a 10°

difference in azimuth angle setting.

2

= Azimuth:360° | Altitude: 15", Contrast:60% [;
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Figure 4.1 Relief-shaded plots with 5° changes ohgle of elevation of the light source used for the
NEXTMap plot. The azimuth angle is fixed at 360°/ 8. The contrast ratio is set at 60%. An image
with a light source at a 25° altitude is recommendgas a start point for NEXTMap studies. The

area illustrated in the above figures is in the reign around Drymen southeast of Loch Lomond,

and described in Smithet al. (2006), Rose and Smith (2008).

Although a small difference in azimuth angle wilivg a finer resolution of the

differences caused by the illumination, this alsoreéase the number of images and
hence the size of the document. Based on the asitbmperience, the size of the
document should not exceed 350 MB, otherwise theegeproblems in generating the

rotating map.

Step 3: Landform mapping.
Before starting the mapping, the operator neeadtiose one of the azimuthally defined
images that gives the best representation of teenggohology that is being studied.

Using this image, mapping is carried out by drawtimg landform boundaries in a GIS
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environment. Generally speaking, the optimal imgder linear landforms (such as
drumlins) is when the trend of the target landfasmorthogonal to the light source
(Smith, 2003). It is not necessary that the base shauld be the optimal imagery as all
the mapped results can be tested and correctedastraoccasion, by the use of the

rotating map.

Step 4: Determining the effects of contrast.

As mentioned in Step 1, the variations in contcast be used to highlight boundaries of
high relief landforms. This is Step 4 and the dffeaf contrast variations are illustrated
in Figure 4.2. From the author’'s experience, catteh the 60% level is most effective

for the identification of low relief landforms suels moraine and drumlins.

- Azumuth:360". Altitude:25". Contrast:

Azumuth:360". Altitude:25". Contrast:40% . Azumuth:360°. Altitude:25". Contrast:50% Azumuth:360°. Altitude:25". Contrast:60%

zumuth:360°. Altitude:25". Contrast:

. Azumuth:360°. Altitude:25". Contrast:80%

e e S
Azumuth:360". Altitude:25". Contrast:90%

(]

Figure 4.2 Comparison of changing levels of contra®n landforms that are part of a drumlin field.
The azimuth angle is fixed at 360°/ 0°. The contragatio is set at 60% because it enhances the
visibility of low relief landforms. The angle of the light source is at a 25°. The area illustrated ithe
above figures is in the region around Drymen souttest of Loch Lomond, and described in Rose,
(1981), Smithet al. (2006), Rose and Smith (2008).
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Step 5: Creating the rotating map.

In order to generate the rotating map, the DEM sploiust have constant altitude,
constant contrast and equal spacing in the intenvalvhich the azimuth angle of the
light source changes from 0° to 360°. The imagé lvalconstant and hence overlap as
the changes take place from 0° to 360° or vicea/efhis process will be carried out
with image processing software capable of creatimgnimation file. In this research,
all rotating maps were created by using Adobe- imadready. Azimuth resolution is
10°, delay time for the change of each image (attalwirection of light source) is set
at 1 second (see Appendix 1). It is important resst that all the properties of the
images need to be constant except for the diredtidhe light source. If the images do

not overlap, jumping will take place when rotating.

Step 6: Testing the rotating map.

As discussed above, although the differences imtlages caused by the changes in the
direction cannot be mapped directly on screen,rtitating map is the only method
which can readily highlight landforms from all ditens; orthogonal, intermediate and
parallel. Smith (2003) used this method to dematestthe illumination bias problem.
Here, this technique will be treated as a mappasgrig platform. Two rotating maps
will be needed to test mapping results as outlime&tep 3: a set with changes in

direction of light source and a set with changesontrast.

Step 7: Correction and analysis.

From the testing procedure landform boundariesbeaidentified with confidence using
the changes in contrast and direction of illummatiAs mentioned above, there are no
technical methods that can be used to map direatiy the rotating map. Therefore, the

user can only record geomorphological propertigaguthe most effective angle of
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illumination and contrast. Corrections and remagman be done in a GIS environment

(Step 3). This process can continue until satiefgatesults are obtained.

4.3 Glacial landform mapping using rotating NEXTMap plots and comparison
with results derived from field survey
4.3.1 Introduction
The new mapping concepts and procedures experichanrteand developed in this
chapter were used to test the detection and dalimit of glacial landforms in the

region to the southeast of Loch Lomond in westemtral Scotland (Figure 4.3).
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Figure 4.3 The Glasgow area of western central Sdahd to show the regions selected for detailed
examination of DEM imagery (R1 for drumlins and hunmocky moraine, R2 for kames and kettle

holes, R3 for meltwater channels. (Background imagis taken from Google-Map, July/2010).

This mapping was undertaken by Jim Rose in the 496@ early 1970s as part of his
PhD research which used detailed field survey, éxian landforms from different

perspective (Rose, 1981). The shape of the landfevas recorded on Ordnance Survey

74



(OS) 1:10,560 scale topographic maps. The areaicsnabundant glacial landforms
(crag and tail hills, drumlins, irregular till hitks and hummocky moraine) and
glaciofluvial landforms (meltwater channels, kamlesttle holes, outwash terraces and
kame terraces) and is ideal for testing the mappinglacial landforms. Smitlet al.
(2006), Rose and Smith (2008) and Clatkal. (2009) remapped and re-evaluated
glacial landforms in this area based on the ralefding-images generated by
NEXTMap. Their work provided a good sample by whitcls possible to compare the
outcomes of mapping by traditional field survey hoets, modern DEM mapping
methods and the new mapping method from rotatingsm@oposed in this thesis.
Quantitative inter-method comparisons have beenecaiout in terms of numbers,
shape and spatial distribution of mapped landfolmsrder to test the effectiveness of
the rotating map procedure using NEXTMap imagesiected glacial landforms
(including drumlins, hummocky moraines, meltwatkarnels, kames and kettle holes)
published in Rose and Smith (2008) were digitized eompared with the results of the

rotating map procedure.

4.3.2 Glacial landform mapping using rotating NEXTMap images and its
comparison with results derived from field survey:drumlins
Drumlins from the southeastern part of the Loch badh basin (Smithet al., 2006)
have been used to test the rotating NEXTMap mefragure 4.4). The field mapping
in Smith et al. (2006) was initially mapped by Rose in 1965 tdA%nd is the most
detailed mapping of this area. It is treated atgd truth” in Smithet al. (2006).
Clark et al. (2009) also take this map for their comparisormaipping methods. The
digital imagery in Smittet al. (2006) was based on images derived from reliatisty
from NEXTMap. However no mention was made of thecgge illumination settings
and numbers of images they used for mapping. THager states that 189 drumlins can

be delimited from the NEXTMap and this number ischntnigher than the number of
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drumlins identified by other remote imaging methedsh as Shuttle Radar Topography

Mission C-band, Landmap, OS Panorama, OS ProfdeLandsat Thematic Mapper.
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Figure 4.4 Drumlins from the southeastern part of he Loch Lomond basin, western central
Scotland. Map A is a field map by Rose (1982), diied and published in Smithet al. (2006) which
contains 304 drumlins in total. Map B is the resub of mapping by Smithet al. (2006) based on
NEXTMap, and 189 drumlins are recognised. This figte is from Smith et al., (2006). The blue
boxes highlight areas where field mapping recordedrumlins, that were not seen on the NEXTMap

image (also see Figures 4.5 and 4.6).

76



240000 242000 244000 246000 248000 250000 252000
a /Y T
& 3

0 05 1 2

Kilometres
Loch Lomond

688000
688000

686000
686000

684000

688000

688000

686000
686000

684000
684000

- O
OA ay

240000 242000 244000 246000 248000 250000 252000

Figure 4.5 Comparison of DEM and field mapping of dumlins. a is the results of field mapping by
Rose in 1965-1970 (Rose, 1981). An esker is marlad'E’. b is the results of mapping by Clarket
al. (2009) from the NEXTMap DEM dataset. Solid blackannotation for the drumlins that coincide
with the results of field mapping (218 count by thepresent research), black outline for those found
in DEM but not in the field (59-count by the presemhresearch), and the boxes highlight areas where
field mapping found examples that were not seen ithe NEXTMap imagery (also see Figures 4.4
and 4.6). (This figure is take from Clarket al. 2009).
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Figure 4.6 Comparison of the results of field mappig by Rose (1965-1970) (Rose, 1981). Where
there are similar findings with the rotating map experiment the drumlins are shown in solid gray,
and drumlins only identified by the rotating map e)periment are shown in black outline. The blue
outline boxes identify areas with where (Clarket al. 2009) reported that drumlins identified by field
mapping were not seen in the NEXTMap. Most of drunmihs within these two areas can be found

from the rotating map (also see Figures 4.4 and 4.5

Clark et al. (2009) used digital elevation models (DEMs; inlthg NEXTMap,
Ordnance Survey Panorama DEM, Landmap DEM, Shigdlar Topographic Mission
(SRTM) DEM) and satellite images (including Landaat SPOT image) to map some
of the same drumlins field as those included intBrei al. (2006). In their research,
DEMs images were generated using three illuminasoarces from two orthogonal
directions (NW and NE; no numerical azimuthal angi@s provided), and from an
overhead illumination (altitude = 90° or slope map;detailed description is given in
their research). Figure 4.5b shows their mappirsgllte in comparison with the field
map of Rose (Figure 4.5a). Detailed statistical pivagp results were not provided in

their research. In order to have a basic comparismnple counts of the number of
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drumlins was carried out for this thesis reseaifidtere are 277 drumlins in total; 218
drumlins that coincide with the results of field pping, and 59 new drumlins that were

not found by field mapping.

The new mapping procedures developed in the presadiy was then used to map
drumlins in the same area as Snathal. (2006) (Figure 4.4) and Clast al. (2009)
(Figure 4.5). The rotating map used to test the pimgpresults was set with the light
source having a 25° angle of inclination, a 10&nw&l for changes in azimuth angle and
a 60% contrast ratio. (Rotating maps were provide@D, Appendix 2.1). Figures 4.6
to 4.8 show the results of this new research irfdh@a of a comparison with the results
of Smith et al. (2006) and Clarket al. (2009). Among the 307 drumlins that are
identified for present research (in Smahal. (2006), there are 304 drumlins, but 3
drumlins on the boundaries of the research thae weritted from Smittet al. (2006)
are included in this thesis study), 268 can be miesebut 39 are invisible. Of the
drumlins identified by field mapping 124 have boanés that do not coincide with the
boundaries that were determined from the rotatiragp.nY8 potentially new drumlins
have been identified as a result of the rotating resperiment. The total number of
drumlins in the present research is 334 (some dnupdlygons have been merged, so
the total number has been reduced from 346 to Eabically, results from the present
research almost equal the combination of resulfsetdf mapping and the mapping by
Clark et al. (2009). In the areas identified by the blue boR&sk et al. (2009) reported
that drumlins found by field mapping could not leeis in the NEXTMap analysis.
However, the rotating map experiment successfuiyalize all the drumlins recorded
by the field mapping. These ‘controversial’ drursliare relatively small in size and
their orientations trends NW-SE, which is paratielone of the images adopted by
Clark et al. (2009), thus reducing their visibility. Althoudhrther field investigation

regarding
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Figure 4.7 Drumlins identified by Rose in 1965-197(Rose, 1981; Smittet al. 2006) those were not

visible on the analysis of the rotating map. Thesare shown in purple, and there are 39 in total.
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Figure 4.8 New potential drumlins identified in theresearch area (shown in solid blue - 78 in total)
plotted against the drumlins identified in the fied by Rose (Rose, 1981; Smit&t al. 2006) (show in
black outline).
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the new drumlins needs to be carried out, then® idoubt that the rotating map method
of mapping has greater ability to detect drumlmdf@rms than other methods that have

been used or are currently in use.

4.3.3 Glacial landform mapping using rotating NEXTMap images and its
comparison with results derived from field survey:hummocky moraines
The term hummocky moraine has been used to desendendy, irregular morainic
topography 2-70 m in relief and exhibiting varying degrees of order, ranging from
entirely chaotic assemblages of mounds, 15-400 m in diameter, to suites of nested
transverse ridges (Benn and Evans, 2010, p 520). Hummocky moraie loe formed
when the sediments are deposited in or againsteaoti stagnant ice or glaciotectonic
deformation processes. However, some researchdysused this term to refer to
moraines deposited during the melt-out of debristied glaciers (Benn and Evans

2010).

In this section, 2243 hummocky moraine landformsenaapped within the same area
as that used to test the drumlins (Figures 4.34a@d All the hummocky moraines were
digitized (Figure 4.10) to test the mapping abilifythe new rotating map procedure.
Unlike drumlins, hummocky moraines do not have #&oum shape. Normally, their

shape is irregular although some research saygithépve some characteristic “shape”
and “pattern”. Most hummocky moraines observecdhia tesearch area were irregular
and it was hard to see any patterns from availmbégery or field mapping. The scale
is much smaller than drumlins and the length ofrttagority of hummocky moraines in

this research area varies from 20 m to 100 m. Timenmocky moraines mapping proved

to be much harder than mapping drumlins both thieally and practically.
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Figure 4.9 1:25,000 scale representation of 1:10®6eld mapping carried out J. Rose in 1965-1970
and published in Rose and Smith (2008)
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Figure 4.10 Digitized hummocky moraine and moraineridge in the area shown on Figure 4.9
(based on Rose and Smith (2008).
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Figure 4.11 1:10,000 scale relief-shaded images gested from NEXTMap for hummocky
moraines mapping experiment. Hummocky moraines inhte blue oval can be discerned while those

in white rectangle box are hard to see due to theesolution.
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Figures 4.11 and 4.12 are relief-shading imagesrmgésd from NEXTMap with a light
source showing a 10° azimuth variation, a 25° anghdtitude and a 60% contrast ratio.
Scale was set at 1:10,000 as it this the maximuiabte scale that can be obtained from
NEXTMap (Smithet al., 2006). The yellow linework in Figure 4.11 is huwmocky
moraine that has been digitized from the publishets,000 scale map of Rose and
Smith (2008) (this is based on 1:10,560 field maggield slips, redrawn at the smaller
scale by Rose for publication). The lower part @fufe 4.11 is an enlargement of the
area shown in red on the upper figure highlightingas where the hummocky moraine

is either well developed or incapable of identifica.
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Figure 4.12 Digitalized hummocky moraines (yellowpverlapping with 1:10,000 scale relief-shading

map. Compare to Figure 4.11, hummocky moraines weteard to delimit from NEXTMap.
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Figure 4.12 shows the distribution of the field meg hummocky moraine at the
1:10,000 scale, and although drumlins are cleadprasented the majority of
hummocky moraines mapped in the field survey atevisible on NEXTMap, due to
the resolution of the remote sensed imagery. Thezefthe process of mapping
hummocky moraine from NEXTMap imagery is not relealHigher resolution imagery,
such as LIDAR does have the ability to provide isight information for hummocky
moraines mapping (Smitit al., 2006) and can be tested against the new rotataqy
procedure proposed in this chapter, at a future.ddbwever at present (2012), most
areas of the UK lack LiDAR imagery and until a heglesolution imagery is launched,

field mapping is the most reliable way to map hurokyomoraines.

4.3.4 Glacial landform mapping using rotating NEXTMap images and its
comparison with results derived from field survey:kame and kettle

‘Kames are variously shaped mounds, composed chiefly of sand and gravel, and
formed by supraglacial or ice-contact glacifluvial deposition’ (Benn and Evans, 2010, p
526). Kames may occur as isolated hills but moreegly each kame is one mound in
a low-lying terrain of many hummocks, terracesgesl and hollows. Kames often occur
in association with kettle holes in kame and kethigography. Eskers may also occur
between the kames. Meltwater channels may be tutimd between the kames. These
associations indicate that kames are formed closeet margins in situations where
there are large volumes of both meltwater and delifame terraces are normally
defined as dently sloping depositional terraces perched on valley sides, and are
deposited by meltwater streams flowing between glacier margins and the adjacent
valley wall’ (Benn and Evans, 2010, p 528). Kame terraces fainen sediment
accumulates in ponds and lakes trapped betweers lobglacier ice or between a

glacier and the valley side. Typically, the sedim@omprises well-bedded and
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well-sorted sand and gravel. In this research, lkaarel kame terraces will be called

kames.

Kettles are glaciofluvial landform occurring as tesult of blocks of ice calving from
the front of a receding glacier and becoming bunedtially to wholly by glacial
outwash. When the ice blocks eventually melt theawvé behind holes or depressions

that fill with water to become kettle hole lakesponds.

In this research, area R2 in Figure 4.3 was saletctdest the mapping of kames and
kettle holes from NEXTMap imageries. There are 4#nks and 25 kettle holes

recorded in Rose and Smith (2008) in this areaufeg4.13 to 4.18).

Figure 4.13 An area of kames and kettle holes in ¢harea near Kirkintilloch in the Kelvin Valley,
western central Scotland. This map is taken from Rge and Smith (2008) and is at 1:25,000 scale ,

reduced manually from 1:10,560 field maps produceds a result of surveys between 1965 and 1968.
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As a result of the test (Rotating maps are providedhe CD, Appendix 2.2), it was
found that 7 kames (numbers 6, 12, 13, 26, 2729B8(Figure 4.19) and 7 kettle holes
(numbers 1, 3, 6, 7, 9, 13, 18) (Figure 4.20) werevisible on the NEXTMap imagery.
Kames numbered 6, 12 and 13 kames were too snsiltenwhile kames numbered 26,
27, 28 and 29 were covered by forest. Kames carsumeessfully delimited by
NEXTMap, but the detection rate was highly reliantthe relief of the landforms. It is
hard to delimit kettle holes without any guide oolledge of the research area (field
experience). Kettle holes are relatively smallamrea, a fact that also hinders their
detection. The relief of the kames surroundingkéitle holes is not sufficient to allow

them to stand out in NEXTMap imagery.
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Figure 4.14 NEXTMap images of the area shown on Fige 4.13, showing kames and kettle holes in

the region of the Kelvin Valley near Kirkintilloch, north of Glasgow.
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Figure 4.15 Digitization of the kames shown on thBIEXTMap image on Figure 4.14 showing their
location and distribution. Each kame has been asgigd a number and the parts show the location

of kettle holes.
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Figure 4.16 Digitization of the kames shown on thBIEXTMap image on Figure 4.14 showing their

location and distribution.
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Figure 4.17 Digitization of the kettle holes showin the NEXTMap image on Figure 4.14showing

their location and distribution. Each kettle hole has been assigned a number.
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Figure 4.18 The digitalized kames (green) and ketl holes (blue) derived from the NEXTMap
image in the area of the Kelvin Valley near Kirkintilloch.
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Figure 4.19 Location of kames that are not visiblen NEXTMap and their assigned number for the

area of the Kelvin Valley near Kirkintilloch, shown on Figure 4.13.

Figure 4.20 Location of kettle holes that are notigible on NEXTMap and their assigned number

for the area of the Kelvin Valley near Kirkintilloc h, shown on Figure 4.13.
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4.3.5 Glacial landform mapping from NEXTMap and its comparison with field
evidence: meltwater channels
Glacial meltwater channel are valleys eroded bgiglaneltwater, and typically survive
in the present landscape as dry channels or chawigh underfit streams. Some
contain present day streams, and in these casependent evidence is needed to
identify a glacial meltwater origin. Channels amnfied in a number of contexts:
subaerially at ice margins or at ice fronts in gneglacial zone; sub-marginally along
valley sides and where the meltwater river is aams¢d by the glacier ice and beneath
the ice in subglacial conduits (Rothlisberger, 198¢éhreve, 1972). The distribution and
patterns of glacial meltwater channels providerimf@ation that can be used to determine
the direction of ice movement and the charactacefvastage. In contrast to ‘normal’
surface drainage, the glacial meltwater channelg Ioegin and end abruptly, and they
lack a catchment. The size of glacial meltwaterncleds is typically unrelated to
subaerial catchments. Normally, they are used agvatence of former meltwater
discharge routes. In the UK, marginal and sub-matgchannels have been used to
reconstruct the pattern of ice sheet recessionr{Gaal., 2004; Greenwoodt al.,

2007).

Characteristically well-developed meltwater chasreve a relatively low gradient and
steep channel walls. In comparison with drumlingl &ames, the mapping target
(thalweg) is lower than its surrounding environmeéftte width/ length ratio is small
and the channels can be treated as a linear fedthese characteristics increase the
difficulty of using the relief-shading imagery farapping, because the mapping target
will be seriously affected by the shadow when tharination source is normal to the
trend of the channel. This problem is accentuateenathe channel is deep and narrow.

Although the rotating map method still works forrexting the boundary of the channel,
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it is clear that we need a more efficient methodlehtifying the channels in the “draft”

mapping stage.
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Figure 4.21 An example of meltwater channels represted by a slope map taken from the
NEXTMap image. The thalweg of the channels and theurrounding terrain are shown in red

colour, while the channel sides, which are much stper are shown in yellow. This image has
provided a very effective method for mapping the bondary of meltwater channels. The area of
analysis is the region north of Kilsyth at the soutieastern end of the Campsie Fells in Central

Scotland

92



Figure 4.21 is a slope map generated from the NEXF.Mn this map, areas which
have similar surface gradient are shown with singtzlours, and these colours can, in
turn, be used to differentiate “flat” and “steeptrains. The terrain is not subject to an
illumination problem. Hence, in the present reseastope map has been used in the
draft mapping stage of the meltwater channel studielief-shaded imagery and
rotating map analyses have also been used to #ssisinage interpretation and as a

tool to check boundaries.
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Figure 4.22 1:25,000 scale map of the meltwater chaels shown in Figure 4.21 Rose and Smith
(2008). This map is based on 1:10,560 scale mappicayried out in the field between 1965 and 1968

for the region north of Kilsyth, at the southeasten end of the Campsie Fells in Central Scotland.

A test of the use of the NEXTMap slope map wasiedrout in the area north of

Kilsyth at the southeast end of the Campsie Hillseéntral Scotland (research area R3)
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Figure 4.23 Location and distribution of digitalized meltwater channels for the area shown on
Figure 4.22. This area is the region north of Kilsth, at the southeastern end of the Campsie Fells in

Central Scotland.

(Figures 4.3; 4.22 and 4.23). Some 169 meltwatanchls were identified and digitized.
The digital method consisted of drawing the outlrig¢he thalweg of the channels (the
blue lines in Figure 4.24). A rotating map with@ hzimuth interval angle, 25° altitude
angle and 20% contrast ratio were used as a teglmform (Rotating maps are
provided on the CD, Appendix 2.3). The tested tesimbws that although the majority
of channels can be delimited from the NEXTMap imigggome small channels cannot
be identified (Figure 4.25). Generally speakinge #lope map is very successful in
mapping at the draft stage of analysis, but itsieadiminished in areas where the
gradient was low and the changes of terrain angtesaall. It is easy to cause
misinterpretations when viewing hills with flat mpThe relief-shaded imagery or

rotating map is needed to rectify these problemasthere is no doubt that
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Figure 4.24 Digitized meltwater channel boundariegin blue) overlapping on original 1:25,000 scale
map taken from Rose and Smith 2008, based on origihfield mapping by Rose 1965-1968. All the
channels were digitized along the thalweg. This sagste area is from the region north of Kilsyth, at

the southeastern end of the Campsie Fells in Centr&cotland shown on Figure 4.22.
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Figure 4.25 Comparison of the mapping results fronslope map (solid red) and field mapping (blue

line).
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the slope map can make meltwater channel mapping mfbicient. Landforms that
have similar characteristics to meltwater channatsalso use this mapping method and

procedures.

4.4 Image mosaic: the optimized method in presenting fedforms
4.4.1 Analysis of glacial meltwater channel distributionand optimized base map
selection
From previous discussions we have concluded thatrtitating map is the most
successful mapping and visualizing method relatvine other methods that have been
applied so far. However, this kind of imagery candnly demonstrated in a digital
environment. It is not practical to see the illuation change effect, caused by the
rotating map, on paper. Therefore, a simple andtioed method has been developed
which can demonstrate most landforms as a singg@nThe 169 meltwater channels
that were mapped in the previous section will bedufer further study. The first step
consists of dissecting all the meltwater channadsnfpolygons into polylines. The
reason for this is that line features are more earent for measuring and analysis of
the geometrical characters. The method of re-magppims carried out by drawing the
centre line of the original polygons. In this prduee, meltwater channels were
dissected into 777 sub-sections (Figure 4.26). Gdgncharacteristics such as length

and orientation of each sub-section were then nmmedsand calculated.

Tables 4.1 and 4.2 summarise data representindgpdbie geometric description and
frequency of each equal separated azimuth rangesa Fable 4.3; Figure 4.27 and
4.28, we can see that the orientation of the migjasf the meltwater channels is

trending east to west (61°~120°, 241°~300°). 84%efsections of the meltwater
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Figure 4.26 Comparison of two different methods ofepresenting meltwater channels. A is the
digitalized meltwater channels in a polygon format;B is digitized meltwater channels in a polyline

format.

97



channels are trending within the range from 41°<14Ad 221°~320°(Table 4.3).
Although the range of trends is narrow, the distiitm pattern is random. It is suitable

to represent landforms by using a single illumio@tangle.

Table 4.1 Basic geometry characters of the dissedteneltwater channels.

Counts
777

Minimum (m)
10.69

Maximum (m)
433.65

Mean (m)
85.77

Total Length (m)
66645.16

Table 4.2 Frequency of each separated meltwater chael group’s azimuth range

Group Gl G2 G3 G4 G5
Azimuth 0~20 21°~40° 41°~60° 61°~80° 81°~100°
181°~200° 201°~220 221°-240 241°~260" 261°~280
Orientation 10°-190° 30°-210° 50°-230° 70°-250° 90°-270°
Orthogonal | 100,280’ 120°,300° 140°,320° 160°,340° 180°,360°
Frequency 17 45 85 192 170
Group G6 G7 G8 G9
Azimuth 101°~120° 121°~140° 141°~160° 161°~180°
281°~300° 301°~320° 321°~340° 341°~360°
Frequency 119 76 34 39
Orientation | 110™-290° 130°-310° 150°-330° 170°-350"
Orthogonal 190,20 220°,40° 240°,60° 2607,80°
250

- 200 —

£ 150 B

= S

&’ 100 — -

50
NN 0.0
Gl G2 G3 G4 G5 G6 G7  G8 @9
Group

Figure 4.27 Frequency distribution of each azimuthgroup the properties of which are given in
Table 4.2.
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)\ Azimuth 0°~20°, 181°~200° (F:17)

A Azimuth 21°~40°, 201°~220° (F:45)

iy

A Azimuth 41°160°, 221°~240° (F:85)

Lomond Mettwater Channel 41-60. 221-240

i Azimuth 61°~80°, 241°~260° (F:192) J. Azimuth 81°~100", 261°~280° (F:170)

nd Meltwater Channel §1-100. 261-260

A Azimuth 101'~120", 281°~300° (F:119)

)\ Azimuth 121°~140°, 301~320° (F:

76) J Azimuth 141~160°, 321~340" (F:34)

A Azimuth 161~180", 341°~360° (F:39)

Channel 121-140, J01-120

Loch Lomond Meltwater Channel 14116

0. 521340

d Meltwater Channel 161-180. 141-360

Figure 4.28 Distribution and frequency of dissectedneltwater channels. (F=Frequency)

Table 4.3 Comparison of main meltwater channel grop with the other sub-groups

Azimuth 41°~140° Others Sum
221°~320°

Frequency 630 147 777

Length (m) 56490.3 m 10154.87 m 66645.16 m

Length (%) 84.76% 15.24% 100%

Frequency (%) 81.08% 18.92% 100%

For linear landforms, the optimal light source @&fgr demonstrating or highlighting

landforms should be orthogonal to the landformsenrabnsideration. This means that
the optimal image for representing landforms inpactic area needs a light source
angle that is orthogonal or intermediate to theamityj of landforms. In the case under
consideration with the meltwater channels in then@sie Fells, the optimal azimuthal
angles are 350° and 170° (Figure 4.27, middle aofjlé4 and G5). However, as the

naked eye is used to/ familiar with a light soum®jecting from the front, it is

recommended 350° should be used, but not 170°ré3gu29 and 4.30 are
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Figure 4.29 Comparison of optimized image for eackeparated azimuth angle group. (Original).

The area under consideration is the southeastern drof the Campsie Fells, north of Kilsyth.

Figure 4.30 Comparison of optimized image for eackeparated azimuth angle group. (With 20%
contrast ratio). The area under consideration is te southeastern end of the Campsie Fells, north of
Kilsyth.
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Figure 4.31 Distribution of visible (in black) andpoorly visible (in gray) meltwater channel sections
The area under consideration is the southeastern drof the Campsie Fells, north of Kilsyth and is

shown in Figures 4.22, 4.23, 4.26, and 4.27.

relief-shading imagery with orthogonal illuminatiamgles for each separated azimuth
angle group. Most of the meltwater channels weraligiive on images with
illumination angles of 320°, 340°, 360°, 20° and’.4brom amongst these, the image
with 360° azimuth and 25° altitude illumination &aglus 20% contrast ratio is
recommended for landform representation, becaugeniérates the sharpest boundaries
and can represent over 80% of the meltwater chasewtlons. Figures 4.31 and 4.32
demonstrate the orientation and visibility of th@imand sub group of meltwater
channel sections on the NEXTMap imagery. Meltwatdrannel sections with
orientation (azimuth) angles from 0°~40°, 141°~2868 341°~360° may be difficult to
see on relief shading image with 360° azimuth iiketion angle due to their

orientation being parallel to the light sourcethis comparison, it is also found that
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Figure 4.32 Comparison of the visibility of meltwaer channel section on NEXTMap. A is the
original NEXTMap image; B is showing distribution of visible (black) and Poorly-visible (yellow)

meltwater channels on NEXTMap image.
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channel sections with high relief from top and bwttwere still clearly represented,
although they do lose some of their visibility. Téfere, the true number of meltwater
channels sections visible on NEXTMap is higher thiha theoretically calculated

number (84.76%).

4.4.2 Imagery mosaic method for representing landforms o a single image

From the previous discussion we demonstrated andluded that the rotating map
method is the best way of mapping glacial and gfacrial landforms and is superior
relative to all other methods. However, this kifdmagery can be only demonstrated
in a digital environment. It is not practical toesélumination change effect on paper.
Therefore, a simple and practical method which damonstrate most of the landforms
on a single image is necessary. In this part oftiesis, 334 drumlins that were mapped
using the new mapping method in the southern Looclmdnd area will be studied

further to develop this concept.

For the linear-like landform such as drumlins, tptimal light source angle necessary
to demonstrate landforms is orthogonal to the hmeat. However, in most situations a
researcher will find that mapping targets have murlentations. Single imagery with
single light source is therefore not sufficientingsmulti-light source in single image is

the only way to represent landform objects properly

Table 4.4. Frequency of visible drumlins observedybusing light sources with a different azimuthal

angle.
Azimuth 60’ 120° 180° 24(r 300° 360
Visible 222 162 234 186 146 260
Invisible 112 172 100 148 188 74
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Figure 4.33 Frequency distribution of the visibility of drumlins using different directions of light

source.

Table 4.4 and Figure 4.33 illustrate the frequedgstribution of the visibility of
drumlins from different azimuth illumination anglel is clear that the visibility of
drumlins will change when the azimuth illuminatiangle changes. In this experiment,
the poorest azimuth illumination angle can onlyrespnt 48.5% (162/334) drumlins
while the best illumination angle enabled to repnésd 77.84% (260/334) of the
drumlins. This result proves the importance of gsanmulti-directional light source in
order to derive the best ground truth on a singiage. From Figure 4.33 we can also
observe an interesting phenomenon that the landéesimility improved when the light
source is comes from top (270°~360°, 0°~90°). kotly, linear features will have two
orthogonal angles. Both angles should have eqsadiMy. Hence 360° should have the
same frequency as 180° (same as 300° vs.120°; $@40°). However, the visibility
with 360° light source increased 7.8% (26/334)tredato the visibility with 180°. In a
similar fashion the visibility with 60° increase®.I8% (36/334) in comparison with
240°, but with a light source of 300° the visilyildecreased 4.8% in comparison with
the visibility derived from a light source with 12QAlthough this phenomenon will

need further investigation it is recommended thatanalysis of
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Figure 4.34 Frequency of drumlins plotted against agles that or orthogonal to the trend of the
lineament. The X axis is the illumination orientaton angle in 10° intervals, the Y axis is the

frequency of drumlins for each orthogonal angle.

landforms is best carried out with a light sounaf top, as this is the optimal azimuth
illumination angle. Furthermore, because this asfitsan with natural vision using the

naked eye there is greater potential to get higisdbility.

From Figure 4.34 it is possible to observe thahtligource Orth-1 located between
90°-270° and light source Orth-2 located betweef°Z0° and the whole data is
divided into two main groups. For example in theéhSr data set, illumination angles
from 270°~330° can be identified as a small gravpereas the angles from 340°~040°
is the main group. The highest frequency of sinlglenination angle is located on 170°

and 350°, yet the lowest frequency is located da 200° and 270°-280°.

For the single light source imagery, 170° and 3#¥ms to fit the demand best as these
illumination angles have the highest frequency.ould like to suggest 10° should be
chosen as the illumination angle setting for tmglsi light source imagery. The reasons

are as follow:
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1. According to author’'s experience, the acceptaldealization tolerance is +30°
spanning from the main orthogonal angle for thedlarm (Figure 4.35 and
4.36). The illumination range (orthogonal +30°) aticontains most landforms
will be treated as the optimal illumination anglethis case, optimal choices are
190° and 10°.

2. Our naked eye is used to and expects to see thtesligirce come from the front
or top part (270°~90°) of the imagery. Imagery wiijht source from back
(bottom) will make terrain appear up-side-down.|&abottom and hill top will

look completely reversed (Figure 4.37). Hence,i&0fore suitable than 190°.

Loch Lomond

Figure 4.35 Location of Figure 4.36 and 4.37 in sthieastern corner of the Loch Lomond basin.
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i Azimuth 340°, Altitude:25°

#Azimuth 10°, Altitude:25°

Azimuth 40°, Altitude:25°

Figure 4.36 lllumination tolerance testing. Landfems visibility changes within £30° spans from
the main orthogonal angle to the drumlins (Azimuth: 10°) (also see Figure 4.34). The area
represented is to the east of Drymen in the southsfern corner of the Loch Lomond basin in

western central Scotland

Figure 4.37 Comparison of light from top (10°) andbottom (190°). The area represented is to the

east of Drymen in the southeastern corner of the Lah Lomond basin in western central Scotland
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Figure 4.38 represented the main pattern of lanaan this study area. One group (in
blue, in the northeastern corner of the figurendrevest to east which is in the direction
of glacier movement during LGM. A second group @ieen and blue) which trend
north to south and northeast to southwest respgtwas formed by the YD glaciation
within this area (Rose, 1981, 1987, 1989; RoseSmdh, 2008). Since landforms have
two main orientations, it is impossible to reprdseoth groups by using single light
source within single imagery. To solve this probldmo images with different light
sources (10° for blue group and 300° for green gravere used (merged) to derive a
multi-light sources imagery. The 10° illuminatiorasvtreated as base imagery for it has

the orthogonal light source for the blue groupasfdforms.
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Figure 4.38 Distribution of two main drumlin groups. (Blue group’s azimuth: 340°~40°, Green
group’s azimuth: 270°~330°. The area represented is1 the southeastern corner of the Loch

Lomond basin in western central Scotland
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Figure 4.40 Comparison of the original imageries (Aand B) with merged imagery C. lllumination
setting are: A. Azumuth:10°, Altitude:25°, Contrast60%; B. Azumuth:300°, Altitude:25°,
Contrast:60%; and C. Azumuth: 10°+300°, Altitude: %5°, Contrast: 60%
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Part of 300° illumination imagery was taken (hattiparts, shown on Figure 4.39) and
merged onto the base imagery. Figure 4.40 illussrghe mosaic imagery (C) in
comparison with the original imagery. Obviouslygetmosaic imagery can clearly
represent more drumlins than imagery without thiscess. This method can be used

without the rotating map and is suitable for usa paper report.

4.5 Conclusions and Recommendations

1. The rotating map with constantly changing illumioatazimuth can not only
provide a full, visual, depiction of landform infoation, but also be used as a
mapping result testing platform to check the aocyraf the boundaries of
mapped landform.

2. The new mapping procedure and method proposedisrrésearch has higher
landform detecting ability relative to other metBodhat use orthogonal
illumination, parallel illumination and intermedgatillumination imagery for
mapping. It is also more efficient and economiathjeound survey mapping.

3. The new NEXTMap rotating map, mapping system perfowell with drumlins,
kames and meltwater channels, but less satisfaetbgn applied to landforms
that do not have distinct relief variation or cléaundaries (such as some kettle
holes in the study area which are invisible on tb&ting map). It is not
recommended for mapping hummocky moraines dirdoti;n NEXTMap due
to the image resolution, but NEXTMap can be used hase map for detailed
field survey.

4. Mosaic imagery allows the user to improve the landf representation of a
complex region where errors may be caused by iation azimuth bias, and it
is recommended that this method should be usedetiveda base map for

subsequent research.
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5. Background to the Glen Roy area

5.1 Introduction

Glen Roy, located in the Lochaber region of ScatléRigure 3.6, Figure 5.1), is a
critical location for understanding Late Pleistoeemvironmental developments in the
UK. Most scientific interest has focussed on theque geomorphological and
sedimentological evidence for cooling during thecthhoLomond Stadial (broadly
comparable with the Younger Dryas/GS-1) found ioords obtained from the area,
which have led to a number of important conclusidasstly, both empirical and
modelling evidence suggests the area occupied aortemt position with respect to
maximal Loch Lomond Readvance ice limits (Sisso@39b; Peacock and Cornish
1989; Hubbard 1999; Golledge 2008). Secondly, #gion has three well-defined,
ice-dammed lake shorelines associated with lakgwoumded by the Loch Lomond
Stadial ice advance, and when combined with sedwlmgical evidence allows the
transient position of the ice margin and associdkd surface areas to be accurately
defined (Palmer 2008b). Finally, varved lake seditsefound in this valley and
neighbouring Loch Laggan allow the duration of elade system to be estimated more
precisely than is the case for other former ice4uaoh lakes in the Scottish Highlands
(Palmer 2005, 2008b, 2010). These elements in gmatibn allow Quaternary
Scientists to calculate when the local ice margifpn was attained, the duration of
the lake systems, and by implication the rate efadvance and retreat. This is a unique

situation in the Scottish Late Pleistocene.

This chapter will introduce the location, topogrg@nd geological context of the Glen
Roy area. Scientists have been drawn to this areaver 250 years, and because of its
importance in the development of scientific ideage the dawn of the Glacial Theory,

a summary is provided of key researchers and dprneats, with specific reference to
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the glacial evidence in the Glen Roy area. Thisdaa to a more detailed explanation
of late 28" century thinking about the sequence of eventhénarea, which hinges on a
model of landscape evolution proposed by Sissoasseries of papers published during
the 1970’s and 1980’s, and referred to as the é8ssnodel’ throughout this thesis
(Sissons 1977, 1978, 1979a, 1979b, 1979c, 198%84,b]194983; Sissons and Cornish
1982a, 1982b). This model is widely recognisedhasbiest available explanation of the
detailed evidence, and underpins contemporary esudnd interpretations. Outlining

this model and its geomorphological context theeefgrovides key contextual

information for the features and experiments reggbih Chapters 6, 7, and 8 of this
thesis, which test the applicability and relialyilitf the use of NEXTMap DEM data for

geomorphological mapping. The details of the dmggnaatchments and the overall
topography of the area are important for understandylacier and lake changes

discussed in later chapters.

5.2 Site location and bedrock geology
The sites studied are in the Lochaber region, Wiesieghlands of Scotland (Figure 3.6,

Figure 5.1). Fort William and the mountain range B#n Nevis lie 15 km to the

southwest of the study area, which consists of Gew, Glen Gloy and Glen Spean.
The research presented in the following chapterc@atrated on the Roy valley, but
some elements also require knowledge of featurdiseirGloy and Spean valleys. Glen
Roy itself is approximately 14 km in length, letan 1 km in width and trends in a
NNE to SSW direction, parallel to the Glen Gloylegl The Spean catchment is the
dominant river system in the area, flowing broaflbgm east to west with headwaters
rising on the northern flanks of Ben Alder coalegcio form the River Pattack which
flows from north to south to enter Loch Laggan. Theean river flows from the

western end of Loch Laggan and eventually draits iroch Lochy to the west. The
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watershed to the Spey system lies to the east df Laggan between the Pattack and
Mashie rivers. The Roy is a north bank tributarytted Spean with the water rising at
the head of the valley, which also forms the wétedsto the Spey catchment. The River
Gloy is the only main river in the Gloy dischargstem; it flows south-westwards from

the head of the Glen Gloy valley, turns abruptlytimat the southern entrance of Glen
Gloy to drain into Loch Lochy. Major south-bankouitaries of the River Spean include

the rivers Ossian and Treig.

The bedrock geology of the Glen Roy area (Figu® predominantly consists of the
appin and grampian groups of the precambrian (ran)ninetamorphics, which trend in
a SW-NE direction across the region. Psammite andplitic formations extend from

the southern part of Caol Lairig to Allt Bhreac Adfth and into the parts of the valley
floor in Upper Glen Roy. Bounding Glen Roy to th&/Ns a quartzitic formation,

which is found in areas around the Turret Fan aleth Gintaig. To the east of Glen Roy,
and including areas around the Viewpoint, Gleanas@hoire, Canal Burn, Burn of
Agie and to the north of Glen Roy, are the appimugrof rocks dominated by pelites,
calcsilicate rock and psammites. The rocks undeglyhe majority of the Glen Gloy

valley are of the psammite and semipelite formatibthe grampian group, but this is
intruded by a 380~440 m wide quartzite formatiomaggpian group) branch that

extends from the middle to the north of the valley.

A number of faults have been mapped on th&MapGB-625-Bedrock geology v.5
map (Figure 5.2). However, these do not includésasuch as the Glen Gloy and Glen
Fintaig Faults, identified by Kegt al. (1997). They suggested that the Glen Gloy Fault
contains at least three sections (No.1~3 in Figou@), trending in a NNW-SSE
direction. This fault is exposed in a stream onrthgh side of the glen and extends to

dykes at the southern side of the glen (No. 2{4&)pagh these are not precisely aligned
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to one another. Ringrose (1987) and Sissons anaisbof1982a and 1982b) identified a
fault scarp in the middle of Glen Roy, which is gagted to be a further southern
extension of this fault system (blue rectangle,ufeg5.2). However, Fenton and
Ringrose (1992) and Kegt al. (1997) argue that these dislocations are not fauk
scarps but are due to block movements along pisthegifractures above an active fault.
The Glen Fintaig Fault is composed of two large E&Bding parallel faults (Nos. 4
and 5, Figure 5.2) on the south side of Glen Rintahese two faults are 130 m apart

and dip to the NNE direction at HB(".
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Figure 5.1 Topographic map of Glen Roy, Glen Gloyrad the Glen Spean valley, constructed in the
present project using NEXTMap.
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Figure 5.2 Geology map of the Glen Roy area basegpon DiGMapGB-625-Bedrock geology v.5

(March 2010), with permission of the British Geologal Survey. Ringrose (1987) and Sissons and

Cornish (1982a and 1982b) claimed there is a faulcarp within the blue rectangle box, an
observation doubted by Fenton and Ringrose (1992hd Key et al. (1997).

Table 5.1 Catalogue of the symbols used in FigureX extracted from the DiGMapGB-625-Bedrock

geology v.5 (March 2010) table layer.
LEX_RCS LEX_D RCS_D
APP-MLMST |APPIN GROUP METALIMESTONE
GRAPHITIC PELITE, CALCAREOUS PELITE, CALCSILICATE-ROCK
APP-PGCP APPIN GROUP
AND PSAMMITE

APP-QZITE  |APPIN GROUP QUARTZITE
FZRU-MYCFB|FAULT ZONE ROCKS, UNASSIGNED MYLONITIC-ROCK AND FAULT-BRECCIA
GLEN-PSPE  [GLENFINNAN GROUP PSAMMITE AND PELITE
GRAM-PSSP  |GRAMPIAN GROUP PSAMMITE AND SEMIPELITE
GRAM-QZITE GRAMPIAN GROUP QUARTZITE
LEIL-PSAMM |LOCH EIL GROUP PSAMMITE
M-GPSP MOINE SUPERGROUP GNEISSOSE PSAMMITE AND GNEISSOSE SEMIPELITE
M-SEMPEL  [MOINE SUPERGROUP SEMIPELITE
ORS-CSSM  |OLD RED SANDSTONE SUPERGROUP CONGLOMERATE, SANDSTONE, SILTSTONE AND MUDSTONE
UIAZ-FELSR [UNNAMED IGNEOUS INTRUSION, NEOPROTEROZOIC FELSIC-ROCK

UNNAMED IGNEOUS INTRUSION, ORDOVICIAN TO
UIIOS-FELSR FELSIC-ROCK

SILURIAN

UNNAMED IGNEOUS INTRUSION, LATE SILURIAN TO
UISD-FELSR FELSIC-ROCK

EARLY DEVONIAN

UNNAMED IGNEOUS INTRUSION, LATE SILURIAN TO
UISD-MFIR MAFIC IGNEOUS-ROCK

EARLY DEVONIAN
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5.3 Early studies in the Glen Roy area

Detailed study of the Glen Roy valley was initialyoused by the discovery of the
phenomena of the Parallel Roads in thd" T8ntury by Thomas Pennant and has
continued until the present day. Research ovettithis period can be divided into three
main periods: 1) 1771-1840 with the early analgsid theories for the formation of the
Parallel Roads; 2) 1840-1900 with the acceptanabeiGlacial Theory and emerging
ideas using the glacial theory paradigm; and 3)0192011 with considerable
refinement of ideas within the context of the Locbmond Readvance. The key

contributions of individual researchers are sumsedtiin Table 5.2.

The first period is dominated by arguments concgyrthe formation of the parallel
roads by marine or lacustrine processes. Thosefatmured a lacustrine explanation
could not explain the absence of obvious barriersnpound lake waters. Conversely,
the marine theory, which was expounded by Darw889), could not explain the lack
of shorelines at the same altitude in other val#ysestern Scotland that were open to
marine incursion, nor the lack of marine fossilsamy of the shorelines. It was not until
Agassiz (1840) visited the area when examining rotegions for evidence of glacial
activity that the lost barriers could be explainsdthe former presence of glacier ice
that created a glaciolacustrine system that lethéoformation of the parallel roads.
Darwin continued to hold onto his marine model, Wwass eventually persuaded of the

more credible attributes of the ice-dammed lakerhéy 1863.

The second period of research development in Gley Was from 1840-1900, with
notable contributions from Thomas Jamieson (18892)and Joseph Prestwich (1879).
Jamieson (1863) developed Agassiz’'s ideas and peapthat ice developed in the
Nevis Range, flowed north and blocked the drainaigthe River Roy. The resultant

proglacial lake surface, identified by the disttibn of the parallel roads, attained
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altitudes based on the height of overspill colsaeeint to the valley. Jamieson (1863)
also observed that evidence for the former ice egmasms concentrated on the western
side of the highlands, and he therefore inferred ghstrong precipitation gradient from
west to east favoured ice sources in the Nevis Ranmgich were nourished by moisture

delivered from the Atlantic Ocean.

Further developments were catalysed by the pulditaif the first Ordnance Survey
6-inch topographic maps of the Glen Roy area, wpidvided the first accurate survey
of the Parallel Roads. Prestwich (1879) was thst for use the data to discover that the
Parallel Roads apparently had uneven altituded) wariances of up to 15 feet. He
argued that the variability was caused by slippafjealley-side debris from either
material brought down from above on to the Para&lehd surfaces, or by collapse of
the debris of which the ‘Roads’ were formed. Jaome@d 892) re-evaluated Prestwich’s
claims using the same OS data and concluded tkavdhance in heights could be
explained by a lack of consistency in the exacitpos from which measurements of
the shoreline surfaces had been taken, which &eetedl by different thicknesses of
peat cover. Jamieson (1892) suggested that thisl dmuresolved by a more detailed
systematic survey of the shorelines that made alme for such factors. This
recommendation was not taken up until Sissons gluddi a series of highly influential
papers in the 1970’s and 1980’s, which establighedbasis of current ideas for this
locality. The following section concentrates onsimemore recent ideas, which more

directly relate to the aims and objectives of i project.
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Table 5.2 Important field investigators and their ontributions to the development of ideas on the

formation of the Parallel Roads of Glen Roy

Name

Time

Reference

Contribution

Thomas Pennant

1771

A Tour in
Scotland 1769

The oldest published record that
mentions the “Parallel Roads of Gle
Roy”, which drew other scientists’
attention to the phenomena in Glen
Roy.

Thomas Dick
Lauder

1823

On the parallel
roads of
Lochaber.
Transactions of
the Royal Societ
of Edinburgh v.9
p.1-64

1. Levelled the 355 m shoreline in
Glen Gloy and found it to have
exactly the same level as the
Gloy/Roy col (355 m) at the hea

y  of Glen Gloy (Figure 5.3A).

2. Found the 350 m shoreline in

Glen Roy to be on a level with th

Roy/Spey col (350 m) at the NE

head of Glen Roy. He suggested

that water of the former 350 m

lake in Glen Roy overflowed the

Roy/Spey col into Glen Spey to

the east.

He identified the 260 m

Pattack/Mashie col and suggests

it was the overflow route of the

and Roy.

former 260 m lake in Glens Spean

S

e

>d

Charles Darwin

1839

Philosophical
Transactions of
the Royal Societ
of London,
Vol.129, 39-81.

Observed the Parallel Roads of Gle
Roy, and other parts of Lochaber. H
yinitially suggested that the roads we

5.3B), but subsequently became

persuaded by the glacial theory of
Agassiz and a glacial explanation fo
the parallel roads.

formed by marine processes (Figure

=

re

1Y

=
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Louis Agassiz

1840

Proceedings of
The Geological
Society of
London v.l1II
(Nov. 1838 to
June 1842), Part
Il (1840-1841),
no.72 p.327-332

. Used evidence in Scotland to

. Crucially, was the first proponen

support his glacial theory, which
included observations of

landforms in the Glen Roy-Loch
Treig area (Figure 5.3C). Made

comparisons with similar features

associated with ice-dammed lak
in Switzerland.

of the theory that the parallel
roads recorded the former
existence of ice-dammed lakes.

David Milne

1847

On polished and
striated rocks,
lately discovered
on Arthur Seat,
and other places
near Edinburgh.
Edinburgh New

Discovered the 325 m Roy/Laggan

col in Glen Roy which went

unnoticed in Lauder's (1823) work.
He concluded that the water of the

former 325 m lake in Glen Roy

overflowed this col into Glen Spean

(Figure 5.3A)

(D
(%]

[

Philosophical
Journal 42:
154-72

Thomas Jamieson | 1863 | Quarterly . The first scientist to propose a
Journal of the sequence of events that account
Geological for the formation of the roads an
Society, V. 19, which integrated the presence of
235-259 the overspill cols into the theory

. He claimed that the lakes formeg

. He noted that a precipitation

. He suggested that

(Figure 5.3D).

during the last time that ice
occupied the Scottish Highlands

gradient from west to east could
explain the configuration of ice
growth, which left the
contemporaneous Upper Roy an
Spean valleys ice-free.

ed
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moisture-bearing winds from the
Atlantic nourished ice that
developed in the Ben Nevis Ran
and which was the source of ice
entering the Spean valley from tl
west. He also noted that the

surface altitude of the ice declined
eastwards from that range.
Joseph Prestwich | 1879 | Philosophical 1. The first to focus on the detailed
Transactions of characteristics of the ‘Roads’ and
the Royal Societ the nature of the barriers that
of London 170, impounded the lakes.
663-726. 2. He observed, using recently
released OS maps, that the
‘Roads’ were not precisely
parallel, but are uneven with a
vertical variance of up to 15 feet
He suggested that the unevenness
was caused by shoreline collapse
or by material falling onto the
road surface from the valley sides.
3. He described exposures of very
finely laminated “yellow” and
“grey” clays in Glen Roy valley.
Thomas Jamieson | 1892 | Quarterly He argued against Prestwich’s ideas,
Journal of the and concluded that the vertical
Geological variation reflected a poor strategy by
Society; 1892; v.| the OS for selecting survey points on
48; issue.1-4; p. | the parallel roads. He argued for a
5-28 more rigorous, systematic survey of
the roads to overcome this problem
J.B. Sissons 1977 See Used geomorphological mapping at
to Bibliography. either the 1:10,000 or 1:25,000 scales
1983 coupled with instrumental levelling of

points along the Parallel Roads and

fluvial terraces occupying lower Gle

Roy and Glen Spean.

1. Concurred with Jamieson’s idea
concerning the source of glacial

=

"2

ice and the sequence of events
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that led to the formation of the
roads.

2. Concluded that the lakes formed
during the Loch Lomond
Readvance.

3. Proposed the final lake stages
were drained by a ‘j6kulhlaup’
from Glen Roy.

4. Suggested that the shoreline
widths were highly correlated
with length of fetch from the
south-west.

5. Suggested that shoreline
fragments were uplifted by up to
3m above normal shoreline
altitudes in specific sections of
Glen Roy, probably associated
with a major fault that was
activated by crustal deformation
triggered by catastrophic lake
drainage in the falling sequence
(see section 5.4).

J.D. Peacock 1986 Scottish Journal | 1. Examined sedimentary
of Geology 22: exposures of major fans
347-366. developed along the flanks of
J.D. Peacock and R1989 | Glen Roy Area: Glen Roy valley and concluded
Cornish Field Guide. that the Turret Fan, Allt na
Quaternary Reinich Fan and Allt Brunachar
Research Fan were deposited subaerially,
Association 2. This required Glen Roy to be
free-draining during their
formation which was most likely
to have occurred during the
retreat of ice from the Late
Devensian ice sheet maximum
By contrast. Sissons assumed
that the Fans developed
subaqueously during the LLR.
P.S. Ringrose 1987 PhD thesis, Identified two episodes of formation

University of

of sediment deformation structures
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Strathclyde

Glen Roy, the first attributed to an
earthquake caused by reactivation (¢
the fault which runs through Roy an
Gloy (Figure 5.2; blue rectangle)
prior to the falling sequence of the
260 m lake in Glen Roy and the 355
m lake in Glen Gloy, and the seconc
to a second earthquake or to sudde
isostatic adjustment after catastroph
lake drainage, as proposed by Sissc
(1982h).

f

—_— 2

c
ns

A.H. Dawsonet al. | 2002 | Journal of Carried out an independent
Quaternary instrumental levelling exercise on the
Science, 17, Glen Roy shorelines and concluded
527-533. that they show consistent along-valley
tilts of about 0.11 to 0.14 m Kh
similar to the gradient of the
glacio-isostatically tilted Main Rock
Platform in western coastal Scotland.
This differed from Sissons and
Cornish’s (1982h, 1983) conclusion
that the shorelines are distorted by
complex dislocation and block tilting
effects, not all blocks being tilted in
the same direction.
D.I. Benn and D] 2008 | The Quaternary | First to present geomorphological
Evans of Glen Roy and| evidence that suggests the formation
Vicinity: Field of Loch Lomond Readvance ice in the
Guide; mountains to the north of Glen Roy.
Quaternary They proposed that a local ice cap
Research developed on the Carn Dearg plateau,
Association, with ice flowing down Glen Turret to
London; 158— | terminate at the Glen Turret Fan.
161.
N.R. Golledgeet al. | 2008 | Quaternary Applied numerical modeling of ice
Science Reviews,growth to simulate the maximum
27, 888-904 Loch Lomond Stadial ice cover in

Scotland. The model suggests that
glacial ice extended beyond the
mapped empirical limits and that the
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mountains adjacent to Glen Roy
would have supported cold-based o
slow moving temperate ice.

—

D. Jarman

2008

The Quaternary
of Glen Roy and

Mapped rock slope failure
phenomena in Glen Roy area and

Vicinity: Field argued against Sissons and Cornish’s
Guide; (1982b) view, proposing that the
Quaternary parallel roads were not dislocated
Research after their formation by faulting
Association, processes but by post-glacial

London; 2008; | differential tectonic rebound effects.
98- 104.

A. Palmeret al. 2010 | Journal of Published the results of
Quaternary micromorphological analysis and
Science, ISSN | counting of laminated (varved)
0267-8179. sediments and concluded that the lake

system in Glen Roy existed for a total
of 515 years. During a rise in lake
levels, the 260 m, 325 m and 350 m
lakes existed for minimal periods of
191, 112 and 116 years in the rising
sequence, and it took 95 years for the
lake levels to fall from 350 m to 260
m. Calculated ice advance rates of
between 13.4 and 41.9 m/year, and
ice retreat of around 38.5 m/year.

D. Fabelet al. 2010 | Journal of Used surface exposure dating
Quaternary (cosmic-ray generateédBe in quartz)
Science, 25(4) | to date four bedrock samples from the
597-603 surface of the 325 m shoreline, whigh

yielded a mean formation age of ca
11.5-11.9 ka BP. Other dates

suggested that the 260 m lake drained

before ca. 10.7-11.0 ka and that so
subaerial sedimentation occurred of
the Brunachan fan after ca. 9.7-9.9

me
N
ka

BP.
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Figure 5.3 Reconstructions of the former lakes in &n Roy based on interpretations of the ‘parallel

roads’ and associated geomorphological features: A.ake overflow controls by Lauder-1821 and

Milne, 1847);

; C. Glacial interpretation by Agassiz

(1842); D. Glacial interpretation by Jamieson (186g3(figure taken from Rudwick 2009)

B. Marine interpretation by Darwin (1839);
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5.4 Interpretations of the Glen Roy evidence by J.B. Ssons

J.B. Sissons conducted detailed geomorphologicalbpimg of the Glen Roy area using
1:10,000 and 1:25,000 O.S. maps and instrumenvalliieg of selected landforms,
including systematic measurement of the altitudebeparallel roads and river terraces.
His main contributions published between 1977 a®83laddressed four main topics:
(1) defining the Loch Lomond Readvance limits in the Glen Roy-Glen Spean area
(Sissons 1979b, 1982b); (2) accurate measuremetiteothorelines in Glen Roy to
establish the processes of their formation (Sissi#&7, 1978; Sissons and Cornish
1982b); (3) assessment of the rate of shorelinendton (Sissons 1978); and (4)
examination of the evidence for neotectonic agtiwit the Glen Roy valley (Sissons
1982a; Sissons and Cornish 1982b). The resultBigfrésearch led to the formulation
of the ‘Sissons model’ of the sequence of glaciargim and lake-level changes in Glen
Roy. The remainder of this chapter summarise&dlyeclements of the Sissons model
and the data upon which it is based. Subsequemnptersa(6, 7 and 8) include
independent examination of the landforms in theesanea using NEXTMap, and the

results of some tests of the Sissons model.

5.4.1 The sequence of lake changes in Glen Roy

The Sissons model suggests that glacier ice, duhegLLR, was sourced in the
mountains to the west of the Great Glen and floteethe east across the Great Glen.
This ice became confluent with glaciers flowingtharards from the Ben Nevis range,
the combined ice mass pushing eastwards into GéearSand then entering the lower
parts of both Glen Gloy and Roy. This ice blockkd hatural drainage of the Rivers
Gloy, Spean and Roy, causing the lakes to formresad Further advance of the ice
isolated the Roy valley from the Spean valley alowed lake waters to rise to two
higher levels controlled by independent cols. Waéeels in the Gloy were always

controlled by a single col at 355 m at the watelshetween the Gloy and the Roy. In
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the Sissons model, the different lake levels wét@red by progressive abandonment
of lower cols as the ice margins migrated and grewhickness. The lowest lake was
controlled by the 260 m Pattack/Mashie col, thet igghest by the 325 m Roy/Laggan
col, and the highest, the 350 m lake surface, byRby/Spey col (Figures 5.1, 5.4 and
5.5. As the ice advanced, the lake waters in Gley Rere progressively cut off from
the lower cols, and this Sissons referred to asrifing sequenceof lake surface
altitudes and lake shoreline formation. When tleenelted and receded, the lake waters
could escape to the lower cols, and this is refleteeas thdalling sequenceof lake
surface altitudes and lake shoreline formation. fisieg and falling sequences of lake
levels in the Glen Roy area can be divided intheggages, described in the following
sections. Details of the corresponding ice margisitmns and of lake water dynamics
at each lake stage are also summarised below thétpositions of the cols, ice margin

positions and shoreline distributions illustratedrigure 5.4.

5.4.1.1 Stages 1-5: The Rising Sequence

Stage 1lis the inception of the lowest lake system at 260/hen the glacial ice from

the west of Great Glen and the Ben Nevis mountaamge blocked the

westward-flowing drainage in the lower part of GEpean (Figure 5.4 A; Figure 5.5 A),
it created a 260 m lake which occupied the Speaygda valley. This lake extended
east to, and its altitude was maintained by, the@ @6Pattack/Mashie watershed col
(Figure 5.1 and 5.5). This lake water submergedh Glgean and the lower part of Caol
Lairig and extended into Upper Glen Roy as farhesdonfluence of Glen Turret and
Roy. At this time, the position of the ice fronttime Gloy valley is a controversial and
an unresolved issue. Initially it was generallyidatd that the ice front only reached as
far as somewhere in lower to mid Glen Gloy, leavimg north-eastern part of the Gloy
ice-free, and hence filled with a lake that oveséal the 355 m col between Gloy and

Turret drainage networks. Sissons (1982b) subsdélguehanged his view on this
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matter, as a result of mapping in the area aroufeh QGurret, and came to the
conclusion that LLR ice advanced all the way upnG&ioy to overtop the 355 m col,

and indeed descended into the Turret valley, tolré@a maximum position at the Turret
Fan (Figure 5.5, 1). The fact that the 355 m lakersline exists in upper Glen Gloy
would mean, under Sissons’ explanation, that tieesigbsequently retreated in Glen
Gloy to allow the lake to form. Peacock (1986) adjuhat the Turret Fan could not
have been formed during the rising sequence of 2060 m lake because

sedimentological structures in the Turret Fan vwedéative of subaerial sedimentation
(discussed in more detail in Chapter 6). He took trew that this implied that the

Turret Fan was formed prior to the LLR, and thar#fiore LLR ice was restricted to

Glen Gloy during this time.

Stage 2is associated with advance of the ice into LowEn@QRoy and into the lower
parts of Caol Lairig (Figure 5.5, B), which forcdte water level to rise in Caol Lairig
until it escaped over the lowest point on the wsted between Caol Lairig and Glen
Roy, close to Achavady, which has an altitude ofr@9 Lake shorelines are found
within Caol Lairig at this altitude. The lake in&bl Roy was still at 260 m at this time,
as the ice had not advanced sufficiently into ey, or grown sufficiently thick at the

ice front, to prevent water flowing out of lowergdl Roy into the Spean-Laggan valley.

Stage 3occurred after the ice advanced sufficiently iGten Roy, and was thick
enough, to prevent water from Glen Roy (Figure,5&l) and overflow water from
Caol Lairig (Figure 5.5, C3) flowing directly outf dower Glen Roy into the
Spean-Laggan system. The lake waters rose attdgs $0 325 m, controlled by a col
on the watershed between the Roy and Laggan canthmathin Gleann Glas Dhoire
(Figure 5.4; Palmer 2008b). The upper part of Cadlig was also flooded to this level

at this time. The lake in Glen Roy extended furtherthe valley than the 260 m lake,
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beyond the confluence of the Burn of Agie and tiheeRRoy (end point of the 325 m
shoreline; Figure 5.5). The 325 m lake waters jditlee lake in Loch Laggan in the
vicinity of Roughburn; note that the lake in Lochdgan remained at the 260 m level at
this time, as the waters here could still escaper te Pattack/Mashie col. Sissons
(1982hb) suggested that the ice in Glen Gloy atttme retreated to Altnary (Figure 5.5,
H), with a lake occupying upper Glen Gloy at thitwadie of the Gloy-Turret col at 355

m OD. (Figure 5.4 B).

Stage 4is defined by the ice advancing to position DIg(ffe 5.5) to block the drainage
path of lake water from Glen Roy through to Gle&las Dhoire. This ice advance in
caused the lake waters in Glen Roy to rise toekellof the 350 m Roy/Spey col at the
head of Glen Roy, and the lake waters extendeldetti¢ad of Glen Turret. Also a small
lake was impounded by ice within Gleann Glas Dhair¢his time, which remained at
325 m, as it continued to have access to the 32®InThe ice eastwards along Glen
Spean reached its maximum position at around Raughdtt this time, where it entered
the 260 m lake in Loch Laggan — still maintainedhat level by the Pattack/Mashie col.
There is a lack of firm evidence for ice movemesms position in Glen Gloy during
this time, with Sissons (1982b) suggesting thatitleehad receded to Altnary (Figure
5.5; H), although it seems difficult to reconcileck a degree of ice retreat in Glen Gloy
with ice fronts still advancing in Glen Roy and Gl8pean at the same time (Figure 5.4

C), and presumably under the same general climatiditions.

Stage 5is marked in Glen Roy and Caol Lairig by evidefaethe ice front moving
further forward to reach its maximum extent in theinity of the Viewpoint in Glen
Roy, where Sissons has mapped a large mass otlgkieposits (referred to as the
‘Massive Drift Accumulatiof), while the ice in Caol Lairig advanced to a wakrked

terminal moraine located close to the col betweksm ®oy and Caol Lairig (Figure 5.5;
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Figure 6.3; Sissons 1979). The lake water in Glay Remained at 350 m, as it
continued to be controlled by the 350 m Roy/Spdy The position of the ice in Glen

Gloy at that time is still unresolved.

5.4.1.2 Stages 6-8: The Falling Sequence

In the Sissons model it is assumed that the |akeldefell in the reverse order to that
described above, when the ice melted and receddd ibtb the lower parts of Glen
Spean. InStage 6,the ice front retreated from position C1 to C3g(fe 5.5),
unblocking Gleann Glas Dhoire and hence enablieglake waters to escape over the
Roy-Laggan col, thereby allowing the lake surfazdall to 325 m OD. Continued ice
recession led tdStage 7,when the ice in lower Glen Roy receded and thinned
sufficiently to allow the 325 m lake waters to gseanto the Spean Valley and thus to
fall to the 260 m lake surface level. The exactitpms of the ice front at this point is
difficult to determine, for it could be that loweg of the ice surface allowed the lake
waters to drain over rather than around the icegmait is also not clear how the Gloy
glacier system was responding at this time, althaugeems likely that the ice would
not have extended beyond the southerly limits ef 385 m shoreline in Glen Gloy,

which peters out in the vicinity of Alltharay (Figu5.5, G).

Stage 8is associated with the final drainage of the 260ake system, which Sissons
(1979c; 1981b) attributed to a catastrophic fload ‘jokulhlaup’ and to several
subsequent lower magnitude flood events as theass reduced in size more gradually
and the Spean-Roy lake intermittently emptied. Adow to Sissons, when the
jokulhlaup’ took place, about 5 kirof lake water escaped through a subglacial tunnel
valley in Glen Spean and flowed north to Fort Augasthen north-eastwards along the

Great Glen to pour into Loch Ness, finally entering Moray Firth at Inverness.
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A: Early stage — with
260 m lake occupying
lower Spean, Laggan
basin and lower Glen
Roy.

Garry
Glacier /,

Glacier | &

)

B: Later stage — ice ha
advanced into lower
Glen Roy, creating the
325 m lake in Glen
Roy.

Roybndge.

@
Spean Roughburn

Glacier

ol )
~_J Ossian

C: A later stage inice
advance than

represented iB, which
created the 350 m lake
in Glen Roy.

Roybridge. °
Spean  Roughburn
Glacier

Ossian
Glacier 2
240

Figure 5.4 The ice limits and lake surfaces duringhe rising sequence of lake formation, based on
the Sissons (1979) model (adopted from Lovet al. 2008b, pp.18-19)
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Sissons (1979c) and Sissons and Cornish (1983)lddveéhe heights of terrace
fragments in the Glen Roy and Glen Spean vallegsfannd a series of terraces with
surface altitudes at 113, 99, 96.5 and 90.5 m wetoGlen Roy and the Glen Spean
valley. The evidence suggested that those ternaees formed after the catastrophic
‘jokulhlaup’ drainage, when the ice mass was griguaAminished in its size and the
lake level intermittently halted, allowing smalkés to occupy parts of Glen Spean. A 2
km long sector of Glen Spean contains a mass oekand other dead-ice features that

suggest stagnation of the ice mass.

The Sissons model cannot, however, explain theepoes of poorly-developed,
discontinuous shorelines in Glen Roy at 334 m (Biss1978; Peacock and Cornish
1989) and 344 m (Peacock and Cornish 1989) andaat lthree shorelines in Glen
Fintaig, a tributary valley of Glen Gloy, at 295 A#16 m and 426 m (Peacock and
Cornish 1989; Keyet al, 1997). These minor shorelines do not have ditially-
comparable overspill cols, as is the case withriiagor shorelines, and are not well
mapped. Their presence would suggest a more cambgdicresponse to ice-lake

dynamics than has been accounted for so far.

Whilst the Sissons model places all of the aboagest within the Loch Lomond Stadial,
with perhaps some of the later terraces and stagn&tatures dating to the early
Holocene, the exact duration of the lake systemsamged uncertain. Palmet al

(2010) have presented detailed micromorphologicatiemce for the presence of
sequences of glaciolacustrine annually-laminatedved) sediments within Glen Roy
and Loch Laggan, all associated with the LLR. Mavies in varve thickness are
considered to reflect changes in the position eflthR ice margin and stratigraphical
marker events enable the varve sequences to btedetmth to variations in the

positions of the ice margin and corresponding cbkanig lake level. This evidence
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indicates that the lake sequence (260, 325 andrBEie levels) existed for a minimum
of 515 years overall, while the durations of eaatelstand in the rising sequence could
also be estimated from the varve evidence. Thdtsesuggest that the 260 m, 325 m
and 350 m lakes in the rising lake sequence existechinimum periods of 191, 112
and 116 years respectively. Palne¢ral (2010) also concluded that the lake level fell
from 350 m to 325 m over a 95 year period, althoiigtas not possible to identify a

fall to the 260 m level within the varve records.

Fabelet al (2010) have introduced a new approach to theysttithe Glen Roy area by
using the surface exposure dating method (cosmyipmaduced®Be) on four bedrock
samples obtained from the surface of the 325 mediherin order to date its formation.
The results provide a mean age of ¥1.% (0.5) to 11.81.5 (0.5) ka BP, confirming
the long-held view that the parallel roads are o€ Lomond Stadial age. They also
applied the same methodology to boulders on théases of the Glen Turret and
Brunachan fans. Those from the Brunachan fan sufatded ages of 9t7.0 (0.6) to
9.9+1.3 (0.6) ka BP, indicating that subaerial sediragom on the fan surface continued

beyond the close of the Loch Lomond Stadial.

The above summary of the sequence of events wasdfablished position at the
commencement of this PhD project, with the exceptibthe data and views published
by Palmeret al (2010) and Fabedt al (2010), which became available during the PhD
programme. Other relevant assessments of the ésatnrGlen Roy, available at the
start of the project, concerned the physical aitdab of the shorelines themselves, which

are summarised next.
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Figure 5.5 Ice-marginal positions and the key catahent controlling cols in Glen Roy area. Also see

Figure 5.1 for the wider geographical context.

5.4.2 Nature and formation of shorelines

In Glens Roy, Spean and Gloy, Sissons (1978) imstntally measured the widths,
aspects and notch positions of the backwalls ofsti@relines at 787 points with an
average horizontal interval of 115m. From this w@lssons drew the following
conclusions:
1. The average widths of the shorelines (distance dxtwhe shoreline backwall
and the front edge) in Glen Roy for the 350 m, B28&nd 260 m levels are 15.2
m, 10.5 m and 10.4 m respectively. In Glen Gloy 368 m shoreline is 7.3 m
wide.
2. There are consistent shoreline widths between ansade and outside of the
limits of the LLR ice. In Glen Roy, the 350 m, 3#&band 260 m shorelines
inside the limit are, 9.4 m, 9.4 m, and 11.7 m wielgpectively and in Glen Gloy

are 9.8m. Outside of the limits, the 350 m, 325m 260 m shorelines are 11.3,
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10.6 and 10.1 m wide respectively and in Glen Gdog 10.0 m wide. He
assumed that glacial ice advance was sufficientetode previously-cut
shorelines inside the ice limits, which generatexsi bedrock surfaces to be
eroded on retreat of the ice. His evidence sugdetstat the shorelines were
formed quickly and subsequently stabilised at &oum width.

3. Shoreline widths are strongly influenced by asext length of fetch (the lake
span at right-angles to the direction in which theckwall faces) with the
platforms being better developed on valley sidesnta SW with the longest
fetch. The widest shorelines were also found toabsociated with streams

depositing fluvial sediments on the shoreline platfs.

Detailed discussion and comparison of these datas#h NEXTMap information are

developed in Sections 7.3 and 7.4.

5.4.3 Differential glacio-isostatic uplift of crustal blocks at Glen Roy

Sissons and Cornish (1982b) re-levelled the shwelat intervals of 25 to 30 m on the
basis of Sissons’ (1978) paper. The results idedtithat the shorelines did not have
consistent altitudes or along-valley gradients, démet dissected into a series of blocks
that show varying degrees of tilt: some blocks heogizontal, while others record
varying gradients of up to 4.6 m KmThis suggested that there were a series of
shoreline dislocations in Glen Roy. One particullislocation site is possibly the
southern extension of the Glen Gloy fault (Figur2) 5where the shoreline fragments
have been uplifted by up to 3m above average sheraltitudes. Sissons and Cornish
(1982b) inferred that these crustal dislocationtgpas were fault scarps caused by
palaeoseismic activity, possibly triggered by caitgehic lake drainage (‘jokulhlaup’)

occurring immediately after the final drainage loé 260 m lake during the late LLS.
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These dislocation features were also re-examinedtha current project, using

NEXTMap DEM data, and the results are examineddisclissed in sections 7.7 ~7.10.

5.5 Synopsis

This review of previous studies in the Glen Royaahas established that the ‘Sissons
model’ (developed in the 1970’s to early 1980’s)his most widely accepted version of
events concerning the evolution of the ‘Parallelaé) of Glen Roy and their
association with glaciation — or at least that wWeescase when this PhD programme of
research was commenced. This was therefore thaeatlstarting point for the present
study, and in the chapters that follow the ‘Sissorxlel’, and the geomorphological
evidence on which it is based, will be re-examied tested by the application of
NEXTMap technology. This will begin in Chapter 6tlvia comparison between key
geomorphological features identified in NEXTMap oeay with features previously
mapped in the field by Sissons and contemporasarebers. Chapter 7 will then focus
on a detailed examination of the shorelines themaseland compare results obtained
using NEXTMap technology with the instrumentallydded results published by
Sissons. The overall results are combined in Chapteo re-assess the sequence of

events hypothesised for the Glen Roy area duriadg.tith Lomond Readvance/Stadial.
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6. Glaciation effects in Glen Roy and vicinity

6.1 Introduction

In this chapter, glacial landforms in the Glen Rwga will be examined through the use
of NEXTMap DEM data. Vertical and 3-D perspectiveaigery with different
illumination sources generated from NEXTMap (seajiér 3) were used to evaluate
evidence in locations formerly occupied by glacterand by glacier ice-dammed lakes;
the main focus was on (@) fluctuations in lake lekat were a consequence of ice-lake
interactions, and (b) ice-wastage, ice-movement sredmarginal landforms (see
Chapter 5). For ease of communication in this traglen Roy is divided into three
parts: i) a lower section that includes the Viewpaind Caol Lairig; ii) a middle section
that includes the Allt Bhreac Achaidh Fan, the Brelman Fan and the Reinich Fan; and
lif) an upper section that encompasses the Tumat Allt a° Chomhlain, Coire Dubh,

the Allt Dearg Fan, the Canal Burn Fan and the BoinAgie Fan (Figure 6.1).
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Figure 6.1 Site locations and section boundaries i@Blen Roy referred to in text.
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Critical features mapped by the author using NEXPNDEM data are compared with
mapped features reported in previous works. Final\NEXTMap-based experiment
was carried out to reconstruct the precise aret@ngxf ice-dammed lakes at different
lake water levels. Part of the text and some offitperes in this chapter have been
published in Chen and Rose (2008b and 2008c), dme sdetails and interpretations

herein have subsequently been revised.

6.2 Lower section of Glen Roy
6.2.1 Introduction
The lower section of Glen Roy contains the Viewpaind the Caol Lairig valley

(Figure 6.2).

¢ 4/
) /4 iy
‘Caire lonndrainn / f Roy I.Lalrlg cé’

§

: /
Jl,/f,-;r':l/’/ A A%

Figure 6.2 Locations of the Viewpoint and Caol Laiig (scale of 1:33,000). The red line shows the

track of the main public roadway in Glen Roy.

This part of the Glen Roy drainage system is siggiit because the glacier that

extended up Glen Roy divided into two lobes, oneerding up-valley into the lower
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Roy on the east flank of Bohuntine Hill, and théest (the Lairig lobe) extending up
Caol Lairig on the west flank of Bohuntine Hill. témaction between the ice and
shoreline limits can be mapped in detail withinghtly constrained area, and it will be
shown how NEXTMap DEM data reveal subtle changega)nthe timing of glacier
advance and retreat during the maximum extensioth@fLLR glacier margins, (b)
ice-marginal behaviour and (c) the relationshipsvieen glacier margins and proglacial

lake shoreline development.

6.2.2 Previous studies in the lower section of GldRoy

This part of the Glen Roy catchment has been destrby Sissons (1979b) and
Peacock and Cornish (1989) using predominantly gephological evidence to
understand the interplay between shorelines, limitsthe LLR and ice-marginal
landforms (Figure 6.3; notation for the landforrpedfically referred to in the text are
given in Figure 6.3 — A). The maps of Sissons (I)#hd Peacock and Cornish (1989)
are essentially schematic in their presentation puodide only limited detail on the
dimensions and relative positions of the mappedftams, while the generalised areas
of sediment accumulation are of only limited useewhrying to understand the
complex interrelationships between landforms. Thusas considered worthwhile to
evaluate the use of NEXTMap technology to estabhiblether greater detail could be

deciphered from the LLR deposits preserved inghis of the valley.

Sissons (1979b) suggested that there are thréeatté@ndforms in Caol Lairig that can
be used to delimit the LLR ice limits: i) a 2-3 ngh lateral moraine found at an
altitude of 460 m on the high western flank of ttadley (feature m, Figure 6.3A); i)
four small but well formed meltwater channels tttahd parallel to the valley side but
slope north-eastwards (feature d, Figure 6.3B) whith represent the down-valley

continuation of the upper limit of LLR ice; and)ia 5 m high end moraine that runs
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Figure 6.3 A. Geomorphological map of lower Glen Rp including Caol Lairig, from Sissons
(1979b); B. and C. Geomorphological maps of lower I&n Roy from Peacock and Cornish (1989).
Critical landforms referred to in the text are highlighted in blue and labelled alphabetically.
Landforms common to both the Sissons (1979b) and &ock and Cornish (1989) maps are given

the same alphabetical label.
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transverse to the axis of the Caol Lairig vallesattire a, Figure 6.3A; see also Figure
6.4). In addition, Peacock and Cornish (1989) idiexdta kame terrace at an altitude of
350 m (feature a, Figure 6.3B), the surface of Whi associated with the 350 m
shoreline, a feature not reported by Sissons (19imer (non-glacigenic) landforms
represented in both the Sissons and Peacock amds@anaps include a small delta
associated with the 350 m shoreline (feature hyrei¢.3A and 6.3B), and fragments of
a deltaic spread near the confluence of the londrand Lairig, which has been
dissected by the stream flowing down through Ctrerainn (feature c, Figure 6.3A
and 6.3B). The apex of this delta-complex lies mta#titude of around 297 m, the
significance of which is explained below, while tihetaic formations in this part of the

Caol Lairig valley inter-finger with lacustrine setents (laminated silts and clays).

The former LLR ice limits in lower Glen Roy repaitby Sissons (1979b) were based
in the main on the following important features:ai)ca. 80 m thick massive drift
accumulation composed of lacustrine, fluviogla@al till deposits (feature f, Figure
6.3C); i) a low ridge on the eastern side of GlRay that forms the northern
boundary to the massive drift accumulation and éxa¢nds up the valley side, beyond
the 350 m shoreline, as a series of 2-3 m highdhateoraines (feature g, Figure 6.3C); .
lii) several 2-3 m high moraine ridges most clea®veloped on the southern flank of
Gleann Glas Dhoire (feature k, Figure 6.3A); andtwo prominent moraine ridges to
the south of the confluence between Allt Glas Didaind the Roy (feature h-1 and h-2,
Figure 6.3A), that lie adjacent to the southermteations of the 325 m shoreline on

both sides of the Roy Valley (the easternmost e$é¢his feature i in Figure 6.3A).
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Figure 6.4 View of the pronounced terminal moraingfeature a, Figure 6.3 A) and the 325 and 350

m shorelines taken from the head of Caol Lairig, loking south-west. (Photo taken by A. P. Palmer)

6.2.3 NEXTMap interpretation of ice limits and margnal features in lower Glen

Roy
This section reports the use of NEXTMap DEM datadanap and re-evaluate the
extent of the LLR ice limits in the lower sectioh®len Roy and compares the results
to the published maps of Sissons (1979b) and Pkaeod Cornish (1989), as

summarised above.

6.2.3.1 The potential ice-flow direction in lower Glen Roy

Figure 6.5 and 6.6 illustrate the SW-NE trendingediments on hill tops to the east of
Lower Glen Roy that are clearly reflected in NEXTIMBEM data. The lengths of
individual features range from 47 m to 410 m, amelytoccur throughout an altitudinal
range of 232 m to 780 m OD. The great majorityhafse features occur outside of the
LLR ice maximum limit (feature g, Figure 6.3A) aftid above 460 m OD. They are

interpreted as subglacially-moulded bedrock lirei for two reasons. Firstly,
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although the grain of the bedrock geology is fromd-SE in this locality, it is clear that

the crests of ice-moulded surfaces maintain theesaend across the whole region,
independent of underlying geological structure. &mmple, while the local psammite
and mica-schist show a consistent SW-NE grain,i¢tbkemoulded features shown in
Figure 6.5 diverge from NNE to ENE. Secondly, ewick for local ice movement is
constrained to the valley bottoms below a maximdtitude of 460 m (feature m,

Figure 6.3A) in both Caol Lairig and around the Wjmint, which suggests that these

lineaments on the hilltops relate to a period at@l activity that precedes the LLR.

Centonr line - 100m.

lee flow direction

Figure 6.5 Vertical NEXTMap DEM plots of the Caol Lairig and Viewpoint area. The light source
is set to azimuth 360° and elevation 25°. Yellownks denote the lineation of crest-lines of glacisll

moulded bedrock surfaces.
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Figure 6.6 3D perspective of the Caol Lairig areaiewed from the NW (lllumination set to Azimuth
90° and Altitude 30°). A is the original image, wHe critical landforms and the location of sediment
exposures are identified on B. Also see Figure 6fdr a different perspective and closer view of the

arcuate moraine in Caol Lairig.
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6.2.3.2 Ice-marginal features and lake shorelines

Figure 6.7 allows a comparison to be made betwAgmhe distribution of the Parallel
Roads of Glen Roy mapped by officers of the OrdeaBuarvey at a scale of 1:25000
with (B) details observed by the present authomftdEXTMap DEM data. Note,
however, that the NEXTMap evidence for the 260 rorelne is obscured on the
southern flanks of Bohuntine Hill and in Gleann $hoire by forestry plantations.
Where the shorelines are in full view, howeveah clearly be seen that they are not
continuous features, as represented on OS mapsalidd for large tracts represented
on the geomorphological maps of Sissons (1979b) Remtock and Cornish (1989).
Instead, the shorelines are commonly very fragnmgntehich is particularly noticeable
in Caol Lairig and on parts of the western flank@Een Roy. A shoreline that is
confined to Caol Lairig and which occurs at 297 aontrolled by the height of the col
between Caol Lairig and Glen Roy, to the immedmadeth of Bohuntine Hill), also
appears as fragmentary on NEXTMap DEM data. Théaser appearance of the

shorelines is examined in more detail in Chapter 7.

The NEXTMap DEM data also pick out the morainesitdied by Sissons (1979b) and
Peacock and Cornish (1989) that are marked in Eigu8, but with additional subtle
detail that is not represented in those maps, vhédg also provide a clearer perspective
on how the features are linked spatially (Figur6, @.8 and 6.9). The prominent
moraine on the floor of Caol Lairig, close to th@é72m col to the north of Bohuntine
Hill, that marks the LLR maximum advance in Caoirig is very distinctive on the
NEXTMap DEM data, but it appears to extend furthgr the western flank of
Bohuntine Hill than mapped by Sissons (1979b) tSgare 6.9B). There may also be a
second arcuate ridge on the western flank of Bohertlill, that demarks a temporary

halt of the glacier during recession (Figure 6.9B).
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The NEXTMap DEM data also show that the arcuateamerat the head of Caol Lairig
(Figure 6.4) is fragmented, with three fragmentglennorthern flank and seven on the
southern flank of the col, as identified by closgamination of the features at location a,
on Figure 6.10B. The highest of them reaches anddt of 331 m OD on the northern
flank and 327 m on the southern valley flank of teé The lowest moraine crest is at
an altitude of 297 m OD on the valley floor. Theb38 shoreline is cut into the upper
part of the moraines on both sides of the valldyictv suggests that the 325 m shoreline

was formed after the deposition of the moraines.

On the western side of Caol Lairig, the lateral tmater channels are also clear, but
these appear on NEXTMap to be associated with lkdeftches that are inclined down
valley at similar gradients to the meltwater chasnand hence appear to represent
trim-lines (Figure 6.8B). These have a similar ggatito the meltwater channels, and
when projected southwestwards (down valley) alsk 10 a short drift ridge, which is
interpreted as a fragment of lateral moraine. Apaugrim line is approximately 590 m
in length and dips from an altitude of 375 m atsigithwestern extent to 357 m at the
eastern end. This appears to be associated withrthmte moraine ridge previously
described. In addition at this locality, a benchtttips from 356 m OD to 350 m OD
with dimensions of 150 m x 55 m merges with the 350shoreline at its eastern
extremity. Delta fragments on the floor of the loaidn outlet are heavily dissected but
clearly have an overall apex that coincides witt 825 m shoreline (Figure 6.8B).
NEXTMap DEM data indicate that a total of six shHgincised, steep-sided channels
run sub-horizontally from SW to NE between altitead®f 475 m and 360 m OD at
locality d in Figure 6.10B (see also d in Figur8)6.The largest channel is 144 m in
length and 71 m wide. Their configuration, lack abvious interconnection and
disconnection from any in-feeding higher drainagstem suggests that these are

ice-marginal meltwater channels. The gradient @sé¢hchannels suggests that they may
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be associated with trim-lines detected furtheht $W, at locality m in Figure 6.10B.
At this locality, Sissons (1979b) mapped a laterataine ridge. Close inspection of the
NEXTMap DEM data in this vicinity shows that a baraoes indeed exist on this flank
of Caol Lairig, which can be traced for up to 500mength, and which in places is 20
to 37 m in width. However, what can also be detécie the DEM plots are two subtle
linear features that extend between this bench@douthern termination of the 325 m
lake shoreline. These trim-lines trend towards ritedtwater channels, and may have
been formed at the same time as the channels weised. It seems highly likely that
the channels, trim-line and lateral bench all trdwe upper limit of an ice mass that
probably occupied Caol Lairig during the time tf® 3n and 325 m lakes extended into
Caol Lairig. The collective evidence in this vidinitherefore suggests the upper ice

margin and gradient for the glacier delimited igu¥e 6.8B.

Figure 6.10 A and B shows a number of featurehénldower Glen Roy area mapped
directly from NEXTMap, with the area around the ftoance between Glas Doire and
the Roy expanded in Figure 6.10 C and D. Some estiésditures can be noted that have
not been reported in the published literature. &s@mple, a small delta, approximately
141 m long and 30 m wide occurs on the southemkfla Coire lonndrainn, with a
surface elevation between 357 m and 351 m OD (featu Figure 6.10B). Its exact
relationship to the 350 m shoreline is, howevet, ¢lear, for this shoreline is poorly
developed here, compared with the northern sideeotalley. Another better developed
delta-shaped fan that lies at the confluence ofldinerainn and Caol Lairig streams
(feature c, Figure 6.10B) was noted by Peacock@arhish (1989). It has an apex at
304 m and distal edge at 258 m OD, as it spreadthwards into Caol Lairig. It is
960 m long along its main axis and 434 m widesatatver limit. Peacock and Cornish
(1989) noted that parts of these delta surface® wewered by lake deposits, and

concluded that the delta deposits were formed duhe rising and falling sequence of
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the 297 m lake in Caol Lairig. The present authonstders that these deltas were
formed mainly in the falling sequence of the 297lake, as glacier advance to the
arcuate moraine ridge near the Caol Lairig-Royveolld have destroyed features laid

down during the rising sequence.

In the area around the Viewpoint in lower Glen Rtlye shorelines observed in
NEXTMap DEM data generally accord with the mappigSissons, Peacock and
Cornish, and with their representation on the O% rfldgure 6.7), except that the
shorelines are more fragmentary in the images deprcted in published maps. There is
also general accordance in the form and interpoetabf the ‘massive drift
accumulation’, the dissected mass of deposits thatks the LLR ice limit in the
vicinity of the Viewpoint (feature f, Figure 6.10B)n NEXTMap this feature can be
traced over 1.7 km along the valley floor, andpsta 0.85 km wide, with the majority
of the accumulation occurring below the 260 m slweeon both sides of the valley
floor. The drift accumulation is heavily dissecteyg gullies running down slope. North
of the massive drift accumulation, the floor of fRey valley is characterised by more
subdued landforms, and this contrast is very ctaarthe NEXTMap plots, which
supports previous interpretations that the nortbdwarargin of the massive drift
accumulation represents the LLR ice limit. Howevarereas Sissons (1979b)
described the limit as being marked only by “moeaiih Peacock and Cornish (1989)
interpreted it as part “moraine” and part “driftnit”, though the precise nature of the
‘drift’ is not specified. Sissons’ assessment sf@mred, because the limit of the massive
drift accumulation clearly coincides with terminmabraine ridges that extend on both
sides of the valley (features g in Figure 6.10B &r8). On the east flank of Glen Roy,
these extend from just below the 260 m lake shaeelip to 376 m OD on the higher
valley flank. These terminal moraine ridges are kb by all three of the lake

shorelines, a point returned to in a later seatiothis chapter.
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To the south of the Viewpoint another series ofsrealley ridges, mapped by Sissons
(1979b) but not by Peacock and Cornish (1989), oatiocality h in Figure 6.10B and
6.3. Sissons, however, only records them as exigratiross the valley below the level
of the 260 m shoreline (see Figure 6.3A), whereasNEXTMap plots clearly show a
series of ridges running up the valley flanks, imelwith the lower moraine ridges
mapped by Sissons. On the western flank of the Reyen separate ridge fragments
can be observed, extending up to an altitude 876.m, while on the eastern flank 13
fragments extend up to an altitude of 361 m. Thelsservations suggest a broad
terminal ice front occupied this locality, probalayound the time that the 325 m lake
existed, since this moraine limit lies close to sbeatherly limits of the 325 m shorelines.
Another terminal moraine was identified by Siss¢h879b) at locality k in Figure
6.10D and 6.3, in the upper part of Gleann Glasi@hdout this proved difficult to

corroborate using NEXTMap plots as a result of nmagky woodland cover.

Inspection of NEXTMap DEM data suggests that thiedet trim-lines occur on the
southern flanks of Bohuntine Hill, marked as n,nal @ on Figure 6.10B. The lowest
(feature n) lies at an altitude of 372 m, the nedoihe (0) at 460 m and the highest (p) at
492 m. The middle feature (0) bears a resemblamcand lies at a similar altitude to,
feature m (altitude 461 m) in Caol Lairig, previtudescribed. It is speculated that the
uppermost marks the maximum LLR ice limit, and thiners reflect temporary
positions of the lateral ice margin during retrddte features are very feint, and are best
observed on screen, under magnification, but amgutt is made to depict them on false
colour images in Figure 6.11 and 6.12, with théetashowing the features better. The
eastern end of feature n lies close to the end imesat locality h (see above) and the
gradients of all three trim-lines are similar tattinferred for feature m the west bank of

Coal Lairig. Hence it is further speculated that thiddle trim-line line (feature o) is
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related to the 350 m falling lake and the lowee l{feature n) to the 325 m lake in the

falling sequence.
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Figure 6.7 Ice-dammed lake shorelines in lower GleRoy: A is digitized from the 1:25,000 scale
Ordnance Survey map, B has been mapped from NEXTMaDEM data where not obscured by
recent forestry plantation. The NEXTMap plots showin much greater detail how the shorelines

vary in surface detail and are more fragmented thardepicted in published maps.
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Figure 6.8 3D perspective of the Caol Lairig areardbm the SE direction (lllumination setting:
Azimuth — 310°, Altitude — 30°). A is the unmarkedmage, while B indicates the positions of critical

features.
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Figure 6.9 3D perspective of the Caol Lairig areardbm the NW direction (lllumination setting:
Azimuth — 260°, Altitude — 30°). A is the originalunmarked image, while B indicates the positions
of critical features.
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Figure 6.10 Digitised map of the distribution of ladforms in lower Glen Roy as depicted on
Hillshade NEXTMap DEM data. A and C are the unmarked images, B shows landforms identified
from the NEXTMap plots, and D shows some featuresiilarger scale and the distribution of the 325
m and 260 m shorelines that have not been examinaddetail in the present research. (See Figure

6.3 for comparison.)
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Figure 6.11 3D perspective of southern flank of Baintine Hill viewed from SW direction

(lllumination azimuth 75° from altitude 25°% image contrast ratio 75%). A is unmarked image whe

B shows mapped features. (See Figure 6.10 for connzan).
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Figure 6.12 3D perspective of southern flank of Bamtine Hill viewed from S direction
(lllumination azimuth 7° from altitude 25°% image contrast ratio 90%). A is unmarked image whe

B shows mapped features. (See Figure 6.10 for conmiz®@n).
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6.2.3.3 Evaluation

Most of the landforms associated with glacier attiin lower Glen Roy during the
Loch Lomond Stadial discussed above were identifiggrevious studies and included
in maps published in Sissons (1979b) and PeacatiCamish (1989). There is general
accordance, therefore, between the evidence exdmnie present study and that of
previous research, concerning the former ice limitsl how they relate to the lake
shorelines. However, some differences in detailehbeen noted, which add some
finesse to the established Sissons model. In péaticthe possible trim-lines identified
on the southern flanks of Bohuntine Hill and in Chaairig may provide additional
guidance as to the dimensions of the LLR ice bddyiféerent stages in ice retreat. In
Caol Lairig, the maximum position of the LLR ice giiton is demarcated by a
prominent terminal moraine (feature a in Figure @3d 6.10), by ice-marginal
meltwater channels (feature d in Figure 6.3 and)6dnd by an ice-marginal delta
(feature b, Figure 6.3 and 6.10), all showing tbatoccupied almost the whole of Caol
Lairig at the LLR maximum. Yet mapping of formekéashorelines indicates that a
lake with a surface altitude of 297 m occupied matthe northern part of Caol Lairig
during deglaciation, because the shorelines aradfadown-valley of the terminal
moraine. This lake could only have existed aftex thke levels in Glen Roy had
declined to the 260 m level, otherwise the watethef325 m lake would have flooded
into Caol Lairig. This in turn means that the Sp&ay Glacier ice front must have
receded beyond the Gleann Glas Dhoire tributarieyand 325 m overflow col into
Glen Spean during the time that the Caol Lairigciglaice was maintained relatively
close to its maximum position. The Spean-Roy Glatieerefore appears to have
receded much more quickly than the glacier fronCiwl Lairig. This is important
evidence for non-contemporaneous adjustments atén&onts during ice decay. This
point will be returned to later in this chapter, il@ha detailed analysis of the lake

shorelines themselves is provided in Chapter 7.
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6.3 Middle section of Glen Roy

6.3.1 Introduction

The most conspicuous landforms of middle Glen Ry three large fans: the Allt
Bhreac Achaidh Fan, the Brunachan Fan and the ¢tefan (Figure 6.13). There is
also evidence for crustal block deformation, ascaigd by dislocation of the Parallel
Roads, reported by Sissons and Cornish (1982bjlscedssed in detail in Chapter 7. In
this section, the author will restrict attentionat@eview of published interpretations of
the three major fans and a re-evaluation of thelemde in the light of observations

made using NEXTMap DEM data.
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Figure 6.13 Location of the Allt Bhreac Achaidh Fanthe Brunachan Fan and the Reinich Fan in
the middle section of Glen Roy. The boundaries ohe fans were mapped using NEXTMap Slope

images that best depict the fan surfaces.

6.3.2 Allt Bhreac Achaidh Fan
There is little published detail on the Allt Bhredchaidh Fan (ABAF), which is

composed of sediment sourced from the Allt Bhreabaldh stream that is currently
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incised into the fan surface and adjacent lakeddimas. Peacock and Cornish (1989)

provide the only published geomorphological maghefABAF (Figure 6.14).

matras 300
e et 1

@ Bedrock _..-- Geological
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| Alluvium former lake
El Delta ——> Ridge or mound

Glaciolacustrine deposits ~ -« Steep slope
|—@— Meltwater sand and gravel

[ ::—»——| Till

Figure 6.14 The Allt Bhreac Achaidh Fan and adjacenlandforms (from Peacock and Cornish 1989,

Figure 9). The blue rectangle highlights the area here the 334 and 344 m minor shorelines are

located. For further explanation, see text.

In addition to generating the map shown in FigukigPeacock and Cornish (1989)
also examined the nature of the sediments exposesveral localities. Sediments
exposed in the fan at locality E consist of 4 nsittly till overlain by 0.3 — 1.5 m of

laminated clayey silt. Other parts of the fan asenposed of a complex of undulating
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till, sand and gravel mounds, lake sediments andi@nal terraces, but there are also
ridges or mounds on the fan surface (D+F). In @dldittandforms coincident with the
260 m shoreline are interpreted as deltas (theifestwithin the red square in Figure
6.14). On the eastern side of the valley, adjatteAllt Bohaskey, two rock-cut benches
were observed at 334 and 344 m, and are interpastesthorelines cut prior to the LLR
(within the blue rectangle). From these descrimjanis difficult to establish the origin

of the fan.
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Figure 6.15 The surface and margins of the Allt Bheac Achaidh Fan and preserved parts of the
Parallel Roads on adjacent slopes, mapped using NEXlap DEM data.

Examination of the fan and the adjacent parts efvilley using NEXTmap DEM data
(Figure 6.15) adds very little to the picture, ecthat it demonstrates that the feature
does not have a simple form. The streams have aigssehe fan into three blocks,
termed the lower, middle and upper sections focmjasve purposes. The longest axis

of the upper section runs down-slope over 514 misuadl maximum 314 m wide, with
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the apex meeting the 260 m shoreline. The middiéseis 410 m long and 165 m

wide, with the apex at 325 m, and hence may becagsd with the 325 m lake. The
lower section is 593 m long and 231 m wide, witlalying above the 260 m shoreline,
which cuts into the fan surface. The fan may beraplex feature, with some or all of
the deposits pre-dating the formation of the 26lake in the falling lake sequence. The
association of the highest part of the fan with3B8 m lake shoreline might indicate an
association with the lake, but this is not cleaftimhtely it is only possible from

NEXTMap DEM data to describe the general form & thn deposits, and any direct

association between fan deposition and lake foonagmains speculative.
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Figure 6.16 The 334 m and 343 m minor shorelines &llit Bohaskey as depicted on NEXTMap
DEM data. This figure is a slope map which represds changes in slope relief (reddish orange for
gentle slopes; yellow for steeper slopes).

What the NEXTMap plots do support, however, is phesence of feint steps at 334 m
and 343 m that continue for some distance along#éstern flank of the Roy Valley in

the vicinity of Bohaskey (Figure 6.16), in the mam which Peacock and Cornish
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(1989) reported the presence of ‘minor shorelinB €XTMap measurements suggest
the higher feature to lie at 343m and not 334 ni,fbuease of communication this is
marked on Figure 6.16, and will continue to be &alimas the 344 m minor shoreline.
The origin of these shorelines is unclear, but theght represent feint remnants of
older (pre-Loch Lomond Readvance) shorelines thaé lsurvived glaciation during the
LLR. An alternative possibility is that lake watewuld have escaped over the margins
of the ice as it advanced into Glen Roy and beifocempletely blocked Gleann Glass
Dhoire to form the 350 m lake. Neither of theselamgtions are testable, however, with

present information.

6.3.3 The Brunachan Fan

Peacock (1986) has published a generalised mapeoform of the Brunachan Fan,
which is located to the north of the ABAF (Figurel®. The fan has been deeply
incised by the Allt Brunachan stream, to form twaimsections. According to Peacock
(1986), the fan surface changes abruptly in akitog approximately 60 m (from below
210 m OD to 270 m OD) and is cut into by the 26&horeline in its upper part. He

also reported exposures on the north side of therfaar a 245 m OD bluff, which

reveal very poorly sorted and well imbricated beuldravel overlain by laminated silt.

On the south side of the fan, he found a 10 to &0thick bed of sheared yellow-brown
laminated clay resting on, and penetrating intaecksan the local bedrock, and which
were overlain by slumped gravel. Furthermore, aality J (Figure 6.17) he described
an exposure of sediments, 8.5 m in thickness, cegtpof clast-supported, matrix-rich
cobbly gravel, interbedded with open-work graved aand, capped by a further 1m of

laminated silt.

There are two main schools of thought regarding plossible formation of the

Brunachan Fan. Sissons and Cornish (1983) favosukmqueous origin, with the
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sediment in the main body of the fan transportethduhigh discharge events, probably
caused by rapid snow melt in the fan’s catchmenindwspring thaws. Because the 260
m shoreline cuts into the fan surface, they seenthan period of fan aggradation to
have likely occurred prior to and during the ris2@0 m lake level. Peacock (1986) on
the other hand suggested that the basal lamindtddund on the southern side of the
fan may indicate a lacustrine phase prior to fgmodéion, and was of the view that the
overlying gravels were reworked from glacial drdy the Allt Brunachan stream.
Another possibility, in the present author’s vias/that the gravels and thin laminated
silts in this part of the fan were derived entirdly paraglacial processes, deposited

following the wasting of glacier ice in Glen Royrthg the Dimlington Stade.

NEXTMap DEM data clearly show that the Brunacham fr@as been dissected by
streams into 4 main sections (Figure 6.18) ratha&n the two suggested by Peacock and
Cornish (1989), and that in part this has resuitech avulsion of the Allt Brunachan
stream. Section one is 366 m long and 255 m widéh \&n apparent maximum
thickness of 17 m, while the corresponding valwedHte other three sectors are 197 m,
56 m and 13 m for section 2, 401 m,166 m and 28mséction 3, and 114 m, 19 m and
20 m for section 4, respectively. Sections 1 armte2separated by the Allt Brunachan,
and it is possible to identify a 12m high bluff tils@parates sections two and three, with
section 2 at the lower altitude. This step was aemtified by Peacock (1986). The
elevation of the fan changes from 265 m OD to 21@b at its distal edge with a
change in relief of 55 m. The boundary of sectios difficult to resolve and only the
flat surface has been mapped in this research. tNeless it is still possible to identify
that the 260 m shoreline is cut into the fan sw@falose to its apex, implying that the
fan formed prior to the falling sequence of theelalystems, though its formation could

pre-date the 260 m lake by a considerable period.
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Figure 6.18 Surface form and margins of the Brunacan Fan and distribution of preserved parts of

the Parallel Roads on adjacent slopes, mapped usifdEXTMap DEM data. The fan has been

dissected into four parts (sections), as describéd the text.
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6.3.4 The Reinich Fan

The Reinich Fan, located to the north of the AltlBachan Fan, has been mapped by
both Sissons and Cornish (1983) and Peacock (198%),recognised two main parts,
separated by the Allt na Reinich stream which hasedted the main body of the fan
(Figure 6.19). There are differences in detail leevthe two interpretations, however:
the fan is shown to be fragmented in the Sissor$ @ornish (1983) map by
comparison with the Peacock (1986) map, while thgel shows more extensive
deposits to the north of the Allt na Reinich thaa former. Both, however, recognise a
distinct 5m high bluff in the southern part of tfa, the top of which coincides in
altitude with the 260 m shoreline (Figure 6.19 #&#0). Below this bluff, Peacock
suggests that shallow longitudinal depressions raages (up to 3 or 4m in height)
traverse the surface of the lower parts of the ban,these are not represented in the
Sissons and Cornish (1983) map. Peacock (1986)ealsmined sediments exposed in
the fan and observed a cover of laminated silteoudpm in thickness on the fan surface,
as well as about 0.5 m of laminated silts with aations near the base of the fan at
locality H (Figure 6.19B). Below this, Sissons aarnish (1983) suggest that a fluvial
terrace cuts into the toe of the fan, where graamsexposed. However, Peacock (1986)
regards this as a thin veneer of gravel that ce®i{probably) till and bedrock. On the
northern part of the fan at locality | (Figure BB)9Peacock (1986) observed a section
with compact, clast-supported, bouldery gravelha tower bluff: he interpreted the
upper, gently inclined part of the fan as a dedtsoaiated with the 260 m lake, and the
lower part as an alluvial fan which could have bdemmed either subaerially or
subaqueously. Sissons and Cornish (1983) suggastebaqueous mode of formation
for the Reinich Fan, as they had also concludedherBrunachan Fan, with sediment
transported from the relatively small Reinich catemt during periods of high

discharge, probably by melting snows in spring. yT'taéso concluded that the fan
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sediments accumulated during the rising sequendkeo260 m lake system, because

that shoreline is etched into the fan surface.

Key: (according to original

descriptions)

1.Fans associated with the 26 1m
lake.

2.Terrace AC of Fig. 4.

3.Fan post-dating the 26 1m lake.

4.Floodplain.

5.Levelled points.

6.Parallel roads.

E L

Bt g P [ —

o aen

Figure 6.19 Geomorphological maps of the Reinich Fa A from Sissons and Cornish (1983) and B

from Peacock (1986).
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Figure 6.20 The form and margins of the Reinich Farmapped using NEXTMap DEM data. The

260 m shoreline passes through the upper part of stion one and the western edge of section two.

The NEXTmap DEM data of the Reinich Fan show sommdarities and dissimilarities
with both published maps (Figure 6.20). The fanespg not to be as heavily dissected
as indicated in the Sissons and Cornish (1983) matpto be as extensive to the north
of the Allt na Reinich as indicated in the Peac(i®86) map, and to show minor ridges
and depressions over the fan’s inclined surfacetiay are not nearly as pronounced as
suggested by Peacock (1986). The most signifiesaitife, however, is the clear etching
of the fan surface by the 260 m shoreline, in libéhnorthern and southern parts of the
fan (Figure 6.20). Above this, the apex of the d@pears as a small delta superimposed
on the larger fan body below, though this could b@tconfirmed by sedimentological
obervations, as no significant exposures couldobed on the fan, either in the field or
on the NEXTMap plots. It should also be noted te@cock (1986) identified two delta

fragments with surfaces at 325 m on the steepyalties of the Allt na Reinich (lower
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right corner of Figure 6.19B), but these are nadent in the NEXTMap plots obtained

for this locality.

6.3.5 Evaluation of landforms in Middle Glen Roy

The origin of the massive fans that dominate thddfei part of Glen Roy have long
been disputed, with Sissons and co-workers favgurapid deposition of the fans
during the Loch Lomond Readvance, while Peacoc&tfessan origin during an earlier
glacial interlude, with the possibility of some mindeposition superimposed on
pre-existing fans during the LLR. There are onlyethlines of evidence that can
currently be brought to bear on this problem: motpgy of the features,
sedimentological observations (where possible) thedrelationship between the lake
shorelines and the fans. Sedimentological studiexe wot undertaken as part of this
PhD project, and hence the only perspective thatbeaexamined here is the precise

relationships between the fans and the lake sineli

In the field the three main shorelines appear dedleloped and preserved on both sides
of the valley. This is also the case on NEXTMapglthough the shorelines are not as
continuous as suggested by O.S. maps, especidhyr@gpect to the 350 m shoreline on
the western flank of the Roy Valley and in the saskall three shorelines on the slopes
adjacent to the Allt Bhreac Achaidh Fan (Figurel6.@hite rectangle). All three
shorelines are, however, particularly well devetbpa the eastern flank of the valley,
in the vicinity of the Brunachan and Reinich faRgy(re 6.22). From Figure 6.22 it can
be seen that all three fans considered above hperes at or close to the 260 m
shoreline, and, perhaps just as significantly, éhare no major fan developments
associated with either the 325 or 350 m shorelifié® origins of the fans will be
discussed again in the final section of this chagatiter consideration of the additional

evidence available for major debris fans in UppEmGroy.
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Figure 6.21 Comparison between the mapped distribidns of the Parallel Roads in the middle part
of Glen Roy: A — digitalized from the Ordnance Suvey 1:25,000 scale map; B — as mapped by the
author using NEXTMap DEM data. For further explanation see text.
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Figure 6.22 The three prominent fans of the middlesector of Glen Roy and the distribution of well

preserved parts of the Parallel Roads, mapped usingEXTMap DEM data.

6.4 Upper section of Glen Roy and Glen Turret

6.4.1 Introduction

In this section, a review of previous work in Upgen Roy will be undertaken, allied
to new descriptions of the landforms based on thayais of NEXTMap DEM data.
Upper Glen Roy covers a wide area and is therefonsidered in three blocks (Figure
6.23). Block I (orange trapezium) encompasses tlea Gurret valley and includes the
Turret Fan, a major fan that extends across theefF&oy confluence. Block Il (red
trapezium) covers the valley of the Allt a° Chomhlatream, a tributary of the Turret,
and Coire Dubh on the southern flank of this vallglich extends southwards from the
Allt a Chomhlain to the watershed that separatescatchment from the Roy. This
tributary valley extends from the 355 m Gloy/Royedlow col to Glen Turret, and
contains landform evidence critical to understagdhe origin of the Turret Fan. Block

[ll (green trapezium) extends to the east of therdtiuFan, and includes three other
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prominent fans: the Allt Dearg Fan, the Canal BEam and the Burn of Agie Fan.
Little detailed geomorphological evidence has beanlished for this part of Glen Roy,
and hence particular attention has been paid tiNEX¥TMap DEM representation of

key features in this area.
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Figure 6.23 A vertical NEXTMap plot of parts of Glens Gloy, Turret and upper Roy (azimuth of
light source from 60° with an elevation angle of 29. Critical sites are labelled by number. The

coloured trapezia are referred to in the text.

6.4.2 Published information on the glacigenic landirms in Upper Glen Roy

6.4.2.1 Block I: the Glen Turret area

The Turret Fan dominates the landscape at theweande of Glen Turret and Glen Roy,
immediately north of Braeroy (feature 2, Figure3.2The surface of this feature lies
approximately 20 m above the Glen Roy valley fland is composed predominantly of

sub-horizontally bedded gravels (Peacock 1989 efressions on the surface of the
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Figure 6.24 Glacial landforms and sediments in uppepart of Glen Roy (from Peacock 1986).

fan, particularly in distal locations, are lamirthtglts and clays up to 1.5 m thick. The
fan surface dips from an apex at the NW edge ofahd mass, towards SE, from 270
m OD at the up-valley apex (feature a, Figure 6id4the lower distal edge at 246 m
OD, adjacent to the present course of the Roy.€él'len steep slope on the proximal
edge of the fan dipping up-valley (Glen Turret)séries of ridges are located on the
proximal part of the fan surface (drift ridges simomear a, in Figure 6.24). Similarly

two ridges exist on the hillside to the SW of tha &t an altitude of 460 m OD (features
at b, Figures 6.24 and 6.26). Overlooking the faifiage on the hillsides are the 325 m,
334 m (minor shoreline) and 350 m shorelines ct imedrock, while the 260 m

shoreline extends only as far as the southerly marigthe GTF on the eastern side of

Glen Roy (Figure 6.24), terminating near Brae Roy.
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Figure 6.25 The distribution of the Parallel Roadsn upper Glen Roy, digitalized from the 1:25,000
scale Ordnance Survey Map. The 325 m shoreline with the blue rectangle was absent from the

east flank but preserved on the west flank of thealley.

Further up the Turret valley, it should be notedttthe 325 m shoreline is not
represented on the eastern flank of the valleyivoatoded on the western flank (in the
vicinity of ¢ in Figure 6.25). Although this had dye noted by Sissons (1978), who
suggested that this was a ‘terrace associatedietB25 m lake’, while Peacock (1986)
concluded that this part of the valley wagartly floored by glacial deposit, chiefly silty
sandy diamicton, overlain in places by laminatdt"si(areas d and e in Figure 6.24),
the exact reason for this anomalous gap in reptasen of the 325 m shoreline has yet

to be satisfactorily explained.

The formation and age of the Quaternary landform&len Turret have been a matter
of debate since the 19th century and remain captentJamieson (1892, p. 24-25)
interpreted the Turret Fan as a delta with sedimmrplied by water from an

ice-dammed lake in Glen Gloy that overflowed th@y@Chomhlain col (f in Figure
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6.25) to enter the Turret catchment, though thi ot explain why the fan was
confined to the confluence of the Turret and the/.R®issons and Cornish (1983)
interpreted the Turret Fan as a glacial outwashufea and the arcuate ridges that
delimit the fan’s apex (best represented in Figou®6) as a terminal moraine. The
source of the ice they presumed to be from the Glbych represented a radical change
in perspective at that time. Prior to this suggestit had generally been assumed that
the LLR advance glacier limit in Glen Gloy was vifitithe Gloy valley, forming the
lake that etched the 355m shoreline into the flasfkspper Glen Gloy (Agassiz 1842;
Jamieson 1863; Sissons 1979b). Sissons and Ca1ildB3) interpretation entailed the
advance of LLR up the entire length of Glen Gloyemothe col into the Turret
catchment and down the Chomhlain and Turret aaddhe GTF. They also envisaged
that this was contemporaneous with the 260 m Gley IRke of the rising sequence.
Because a large part of the fan deposits lie b&e@vm OD, this could imply that most
of the fan body should have been deposited subaglyeand that the glacier margin
would have calved back as the lake water in Glely Rise to the 325 m and
subsequently 350 m levels. They also observed ttiatfan extends a considerable
distance southwestwards down Glen Roy, across tha presently occupied by
floodplain and river terraces, the latter beingrfed by erosion and reworking of parts

of the eastern extremities of the fan.

Peacock (1986) favoured a different origin for tae, because he had observed major
exposures of the internal deposits of the fan, Witiensisted of sub-horizontal beds of
gravel and sand typical of subaerial depositiom, aot the steeply-dipping clinoforms
expected in a lacustrine delta. Peacock (1986 )earthiat since the Glen Gloy and Glen
Roy ice lobes were both outlets of the West Higthlaefield during the LLR, the Gloy
glacier could not have existed before Glen Speaarbe ice-dammed. Therefore Glen

Roy could not have been free-draining to the G@ah at that time. Peacock (1986)
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therefore concluded that the GTF must have fornret o the LLS, probably during
the Dimlington Stade, possibly during a still-stgsttase during the general retreat of

the Main Ice sheet.

Benn and Evans (2008) have subsequently proposed dypothesis for the formation
of the Turret Fan. They have proposed, from mappinglacial landforms, that a small
ice cap existed on the plateau between Glen Tamétthe Great Glen on Carn Dearg
(Figure 6.25) during the LLR, and that the ice femiv\down Glen Turret as far as the
GTF, forming the terminal ridges at locality a ilglre 6.24. This glacier then calved
back towards the head of Glen Turret when the Vadier rose in Glen Roy to the 325

m and 350 m levels.

6.4.2.2 Block II: Allt a” Chomhlain and Coire Dubh

A series of landforms in this area may provide intgoat evidence for understanding the
sequence of events in the Turret valley at theddride last glacial stage. They may also
have important implications for establishing theeex of glaciation in Glen Gloy
during the LLR. A mass of sediment mounds occurghat mouth of the Allt &’
Chombhlain valley, where it joins the Turret (lotalg in Figure 6.24). Within these
deposits is a deep, rounded basin, surrounded dgesithat were interpreted by
Peacock and Cornish (1986) as having a level (tppagace and steep (foreset) slopes,
suggesting deposition in standing water; the dejpvasvas interpreted as a kettle hole.
Chen and Rose (2008b) also interpreted this snaalihbas a kettle hole and the steep
slope on the bounding sediment ridge as an iceacbdelta. The top of this ridge lies at
325 m and hence they considered this mass of dsgodhave accumulated in the 325
m lake. In association with the inferred delta deatis a moraine ridge (h in Figure 6.24)
and a probable kame terrace (i in Figure 6.24eNloat this feature was not mapped in

the original figure but was described in the 198%ifguide book, p.41), also associated
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with the 325 m lake. Sediments exposed in therl&te Peacock and Cornish (1989) to
report that the terrace fsinderlain by interbedded gravel, including matriich and
openwork gravel, and silt/fine-grained sand which partly laminated and partly

cross-bedded”

6.4.2.3 Block lll: The upper Roy, upstream from the Turret Fan

The Allt Dearg Fan

This large debris fan occurs on the northern flahkupper Glen Roy, about 1.5 km
upstream from the confluence of the Rivers Roy &andet (feature no. 3 in Figure
6.23.). The main stream, the Allt Dearg, flows frdime high ground to the north and
cuts the fan body into two parts. Virtually all thie fan’s surface lies below 255 m OD
and merges with the Turret Fan on its western mameacock (1986) suggested that
the fan could be separated into an upper and lpaty the apex of the upper part being
immediately below a small dissected delta whiclassociated with the 325 m shoreline,
and the lower (main) body of the fan. However, ¢hisr no figure giving evidence to
support this idea. Sissons and Cornish (1983) hlseemapped the features in this area
(Figure 6.26), but their map gives no hint of tipper fan suggested by Peacock (1986),
only the lower fan below 260 m (Figure 6.26). Exaation of NEXTMap DEM data

(discussed below) supports Sissons and CornisB&3{linterpretation.

During the 1980’s, exposures could be observellaridwer parts of the Allt Dearg fan,
that are now obscured. Sissons and Cornish (198®)rted evidence of laminated
sediments that were overlain by the fan gravelsl mresumed that the former had
accumulated in a lake. However, Peacock (1986)esuently observed that the main
body of the fan was composed of clast-supporteadysaboulder gravel with

sub-horizontal beds, and concluded that the grgaitrof the fan was therefore formed

by fluvial processes.
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Figure 6.26 Geomorphological map of the fans and ver terraces of the northern part of upper
Glen Roy. 1. Highest Roy terrace and fans associatevith the 260 m lake. 2. Fans post-dating the
260 m lake. 3. Floodplain. 4. Levelled points. 5.dPallel roads. 6. Drift mounds (from Sissons and.
Cornish, 1983).

The Canal Burn Fan

The Canal Burn is a tributary stream that entezsutiper Roy from the south and where
it joins the Roy, a large debris fan splays outrdte floor of the Roy with an apex in
the lower part of the Canal Burn’s channel (Figar26). The surface altitude of this
Canal Burn Fan decreases from 285 m OD at the tap260 m OD at its northern edge.
The fan has been dissected near its eastern maigirthe larger fan body preserved to
the west of the Canal Burn (measuring 651 m lo®y, ¢h wide, with an estimated
thickness of 11m), while a much smaller remnantucz®n the eastern side of the
stream (275 m long, 35 m wide and c. 4 m thick).eXposure discovered by Peacock
(1989) in the eastern part of the Canal Burn fdoga 200 NE of the apex) showed

imbricated cobble gravels up to 2.5 m thick resteidher on matrix-rich gravel or
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laminated silt. The upper part of the gravels appé&a have been deposited during the
postglacial period, as buried soils occur withiert these are presumed to indicate
reworking of the fan gravels during the Holocenbae Tmatrix-rich gravel below the

imbricated gravel layer was deposited under qufferént conditions and is assumed to
be a paraglacial or ice-contact deposit. Basedhenattitudinal relationships between
the fan surface and the lake shorelines, thisvgig not submerged by the 260 m lake

level but was inundated by the 325 m and 350 nslake

Burn of Agie Fan

The Burn of Agie, situated at minimum ¢.70 m edghe Canal Burn (Figure 6.26), is

also a tributary stream that enters the upper Ray the south, through a gorge, from
which a large fan has been fed on to the floohefRoy. The surface gradient of this
Burn of Agie Fan trends from East to West, fromeasterly apex near the gorge at 290
m OD to a lower margin in the centre of the Royesaht 265 m OD. Lake sediments in

the form of laminated silts have been depositedhenfan surface, downstream of the
gorge; they lie at an altitude of 272 m OD andthezefore considered to have been laid
down within the 325 m and 350 m lakes during tlseg lake sequence (Peacock and

Cornish, 1989; Palmat al, 2010).

6.4.3 Analysis of landforms in upper Glen Roy basedn NEXTMap DEM data
6.4.3.1 Introduction

The landform assemblages in upper Glen Roy desti@abeve were examined in the
present investigation using NEXTMap DEM data, witvo objectives: first to
determine how well the various features reportedtha published literature are
represented on DEM data plots, and second, tolestatthether new information might
be brought to light that advances knowledge ofséguence of events in Glen Roy. The

new data are presented in the same order as befsirey the three spatial blocks
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outlined in Figure 6.23. Before proceeding with tetails of the depositional features
in these selected areas, however, a wider perspedi provided of the general
physiographical architecture of the area, in otdedraw attention to some general but

important features.

Figure 6.27A is a vertical view of the study areapiled using a mosaic of NEXTMap
tiles. What is striking from this plot is the volenof thick deposits that seemingly
chokes the upper Roy Valley, from Brae Roy nortldsaand eastwards, and to a certain
extent within the Turret valley and its tributari€outh-west of Brae Roy, the middle
Roy valley has a much less smooth appearance,sahdavily gullied. There are no
clear glacigenic landforms, with the most markeatidees being the major fans (Breach
Achaidh, Brunachan, Reinich) fed from tributari@kis holds true for much, if not all,
of the Roy valley between the GTF and the massgifeattcumulation at the Viewpoint.
So the deposits around the Viewpoint, generallyepisd to be of LLR age, and the
deposits around the Turret-Roy confluence, the af@gich are debated, stand out as
being exceptional focal points of sediment accutiia with clear glacigenic

landforms, in stark contrast to the middle reaafdbe Roy valley.

The second point to note is that the whole areacleasly been glacially moulded from

SW to NE, with this dominant grain most noticeabtethe upper slopes and hill-tops,
which show classic roches moutonnées streamlinadsfoAlthough their dominant

lineation is coincident with the orientation of thike of much of the local schistose
bedrock, the dominant SW-NE ‘grain’ in the landssap maintained across geological
boundaries and over significant topographic undutat and is therefore independent
of their influences. The position of the landforoms the high slopes and the fact that

evidence for local ice movement is predominantlstrieted to the lower slopes and
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valleys suggests that these ice-moulded landfomaghee product of ice cover during

the Late Devensian ice sheet advance, possiblyaiedeat the Last Glacial Maximum.

River

Contour line -100m

Iee flow direction

Figure 6.27 Vertical NEXTMap plots of the upper Glan Roy area, with light source set to azimuth
270° and elevation 25°. A is the unmarked image; ¢hblue lines on B denote the axial trends of

glacially-lineated features.
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It seems quite clear, therefore, that the whola aras inundated with ice from the SW
during the Dimlington Stade. Presumably the icdtlup in earlier (pre-LLR) glacial
episodes in much the same way as it did duringLttie, invading the Spean Valley
from the west and SW, then penetrating Glen Gldgn@®oy and Caol Lairig from the
south, and spreading ever further northwards talétige Gloy, Turret and Roy valleys
and overflow into the upper Spey catchment. Thisesathe question of why, if the
whole of the Roy catchment was filled with ice dgrithe Dimlington Stade, no
obvious glacigenic landforms can presently be oleskin the middle sector of Glen
Roy? One possibility is that any such landformsegated during the wastage of the
Late Devensian ice sheet became heavily modifiedpésaglacial and periglacial
processes, especially during the harsh climatiditoms of the LLR. If that is the case,
then why are the obvious glacigenic landforms dattérraces/fans in the upper Roy
not also significantly altered, or even destroy@tiz question will be returned to in the
final section of this chapter, following the pretdion of the results of NEXTMap

examination of the deposits on the lower slopak@lupper Roy.

6.4.3.2 Landforms in Glen Turret (Block I)

Figure 6.28A shows a ‘raw’ NEXTMap compilation plédr the area around the
Turret-Roy; the principal landforms identified bkiet author and considered to be
relevant to the glacial history of the area areealdic Figure 6.28B. Key features are the
Turret Fan (k, Figure 6.28B) and the pronouncedate moraine ridges that coincide
with the highest margin (apex) of the Turret Faar(@ p, Figure 6.28B). The northern
margin of the GTF, which is sharply bounded by ay\&eep bluff running roughly
parallel to the moraine ridges for some 750 m,oissaered an ice-contact slope. The
moraine ridges on the fan surface can also bedrac® the adjacent valley sides, those

on the southern side extending up to an altitudé58im (near o on Figure 6.28B) and
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those on the northern side up to 340 m OD (near Bigure 6.28B). Other significant

features identified on Figure 6.28B are as follows:

1. Feature c on the eastern valley flank in the middl&len Turret is a possible
fragment of the 325 m shoreline, approximately &2t length and 35m wide;
its upper surface has an altitude of exactly 325 m.

2. Feature d marks the position of the heavily dissohassive drift described by
Peacock (1986) and verified as such in the pressearch.

3. Feature e is a mass of sediment that appears aadissected fan of some kind.
Exposures in this fan reveal thick deposits of raated silts, interbedded with
sands, gravels and diamicts, which Benn and EvV2088) have interpreted as
mass flows, turbidites and rain-out deposits laidmal in standing water in close
proximity to a glacier margin. In support of thigaerpretation, the finer-grained
units contain large angular clasts considered poesent drop-stones, while the
upper 3 m of the succession consists of a massadder diamict, thought to
derive from a subaerially-deposited moraine.

4. Feature k refers to a series of channels that owneslope across the surface of
the GTF; 17 separate channels were identified @ NEXTMap plot, the
longest of which almost reaches the distal edglefan; in nearly all cases the
channels, which extend down to an altitude of & @70D, have no links with
local drainage networks developed on the vallegssidnd thus are interpreted
as features eroded by glacial meltwater.

5. Feature m marks the position of the valley flookadén Turret but when viewed
in conjunction with the ice-contact slope on thetinern margin of the GTF and
terminal moraine ridges has the form of an ice tenpasin that extends up

valley for 1.1 km and is approximately 380 m wide.
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Figure 6.28 Geomorphological map of the area aroundhe Turret-Roy confluence based on

NEXTMap DEM data. A is the raw image and B shows ke landforms identified by the author.

Also see Figure 6.23, 6.29, 6.30 and 6.31 for compan.
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Other features identified in Figure 6.28B are nefdrto in the following sub-section,
before an overall interpretation is drawn. Notewlwer, that the distribution of the
Parallel Roads is also significant in upper Glery.Ridhe 260 m shoreline extends to the
southern margin of the GTF, just to the north cAé8Roy Lodge, but does not extend
into Glen Turret, which is highly significant, separts of the floor of the Turret Valley,
north of the GTF, lie below 250 m in altitude. TBB5 m shoreline appears to be
fragmented in much of the Turret valley on NEXTMBEM data and is not clearly
expressed on the eastern flank of Glen Turret enuicinity of locality ¢ on Figure
6.28B. Some fragments of the 325 m shoreline wbserwed on the southern flank of
the Turret valley, close to the Turret Fan. The BbBhoreline, by comparison, extends
further to the north in Glen Turret and appearsl @efined on the northwestern and
southern flanks of the Turret valley. The significa of these observations is also

addressed below.

6.4.3.3 Landforms in Allt a° Chomhlain and Coire Dubh (Block II)

The glacigenic landforms identified by previouse@shers in this small tributary
valley are clearly identifiable on NEXTMap DEM datkhis includes the remnants of
what is presumed to be an ice-contact delta wkbtte hole formed within it (feature f
on Figure 6.28B, and illustrated in Figure 6.29Bthwts location shown in Figure
6.29A). The upper delta surface is at 325 m andreld down to the valley floor, with a
steeply dipping slope to 270 m OD. Other significkatures identified on NEXTMap

in the Allt 2’ Chomhlain tributary valley, and itésed on Figure 6.28B, include:

1. At locality h, a distinct linear ridge that run®ag the valley for 205 m, is 69 m

wide and up to 10 m high (see Figure 6.29A); theyrhave been connected

184



with a smaller ridge, further to the west on theeaside of the valley; these are

considered features that formed on the lateral manfga glacier.

Ice contact slope
Kettle hole

Figure 6.29 A. View of the landforms in the Allt a’Chomhlain-Coire Dubh tributary valley taken
from the SW looking toward the NE. B. The kettle hte (diameter 28 m) in the ice-contact delta

deposits at the mouth of the Chombhlain.
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Figure 6.30 A. 3D perspective of the Glen Turret ara from the NE direction (lllumination azimuth
150°, Altitude 30°) with significant landforms idertified in B.

2. At locality o on the southern flank of the Chomhlaie a series of dissected
terraces, running for 414 m along the valley, wrachd up to 92 m wide, and the
flat surfaces of which are between 355 and 390 m tB&€re are no exposures in

this extensive feature but its position on theesakide and flat upper surface
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suggest some kind of lateral glacigenic featureossibly a kame terrace (see
Figure 6.29A).

. In Coire Dubh, in the area around locality q, a bigtshick spread of ‘drift’

is deeply incised by a series of gullies that fidwectly down-slope to the Allt
a’  Chomhlain.; the linear ridges between the gulliesre originally
interpreted as‘flutes by Chen and Rose (2008b), but the present auther no
considers this to have been a mass of drift tha ki@l down by ice, because
lineation parallel to the valley sides is discelmilon NEXTMap, while the
dense gullies give a false initial impression aigas running at right-angles to
this original grain.

. On the northern flank of the Chombhlain, at localityis a linear ridge that
reaches an altitude of 400 m at its western endwhuise long-axis surface
slopes down towards the Turret valley; its altitisleomparable with features o
and h on the opposite side of the valley.

. A series of large and pronounced moraine ridgesatfeatlissected by meltwater
channels occurs at locality p; they descend thesitié from 466 m to 234 m
OD; an important observation to note is that theseaine ridges are incised by
all three of the Parallel Roads, implying that thvesre formed before the lakes

were formed.

These observations are considered in associatitn ttvose already reported for the

Turret valley and Turret-Roy confluence in the asis section below (section 6.4.3.5).

For further illustration of the features referred above, and of their overall relative

positions in the landscape, three sets of obligi iBrages of the area are provided

(Figure 6.30, 6.31 and 6.32), which will be impattéor following the details of the

explanations provided in the synthesis section.
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Figure 6.31 A. 3D perspective of the Glen Turret aga from the SSW direction (lllumination

azimuth: 60°, altitude 30°) with significant features identified in B.
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Figure 6.32 A. 3D perspective of the Glen Turret aga from the W (lllumination azimuth 150°,

altitude 30°) with significant features identifiedin B.
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6.4.3.4 Upper Glen Roy, east of the GTF (Block I11)

Figure 6.33 shows the key features identified fldEXTMap DEM data for the upper
Roy. East of the Turret Fan, no clear glacigenien® are evident, except for much
further east, where a glacier tongue appears te kagcended from the Carn Dearg
plateau onto the head of Glen Roy (discussed irpteh&). In this part of the valley,
large fans dominate. These have clearly been hedig$ected by the River Roy and its
tributary streams, but four clear sources for thgimal fan gravels can be identified, for
their surfaces decline from apices situated in lo@en Turret and at the mouths of the
Allt Dearg, Canal Burn and Burn of Agie. Collectiyethese represent an enormous
volume of gravels, which prior to dissection muaté covered the whole floor of the
Roy Valley. An idea of the mass of gravel represdrtan be gleaned from Table 6.1.,

but their original dimensions must have been sicguittly greater.
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Figure 6.33 Preserved remnants of major fans and sliribution of the Parallel Roads in upper Glen
Roy mapped using NEXTMap DEM data. The dimensionsfahe fan surfaces are provided in Table
6.1. 1 = Glen Turret Fan (GTF); 2 = the Allt DeargFan (ADF); 3 = the Canal Burn Fan (CBF)
and 4 = the Burn of Agie Fan (BAF).
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Table 6.1 Estimated dimensions of the preserved fganents of the major fans in upper Glen Roy. 1
= Glen Turret Fan (GTF); 2 = the Allt Dearg Fan (ADF); 3 = the Canal Burn Fan (CBF) and 4 =
the Burn of Agie Fan (BAF).

Fan Long axis | Tangential| Estimated| Est. mean Estimated
remnant (m) axis (m) | area (M) | thickness (m)| volume (n)
GTF main 976 558 330,621 21 6,943,041
GTF west 565 162 47,069 18 847,242
ADF west 190 111 27,661 21 580,881
ADF east 201 135 20,946 14 293,244
CBF main 651 497 134,130 11 1,475,430
CBF small 275 35 6,512 4 26,048
BAF west 633 180 85,303 8 682,424
BAF east 389 174 40,316 8 322,528

The altitude of the apices of the fans are 270 mf@DQhe GTF and ADF, 285 m OD
for the CBF and 291 m OD for the BAF. Unlike theadain middle Glen Roy, these
apices do not coincide precisely with any of thieelghorelines, though they accord
most closely with the 260 m lake level. There isawidence for any gravel input in
association with the 325 or 350 m shorelines. Asipaonious proposal would be that
the fans are contemporaneous, as there is no @é@derthe contrary, but this cannot be
established on the basis of available informatiitempts have been made to date the
fans in Glen Roy using the OSL method, but this prasved unsuccessful due to very
weak luminescence signals and ‘anomalous fadingivitk and Bailey, 2008). Fabet

al. (2010) have attempted to date boulders on the @3iRg surface exposure
(cosmogenic nuclide) dating, which gave ages od #11.7 and 10.2 £ 1.0 ka BP, and
which therefore might suggest an LLS age for fapodéion, though the results could

be affected by deposition of younger sedimentdherfdn surfaces.

6.4.3.5 Synthesis of evidence in upper Glen Roy
The collective landform evidence from the Allt a@hhlain and Glen Turret valleys
suggests that a glacier tongue occupied Glen Twanet terminated at the arcuate
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moraines that delineate the northern margin ofahé (features a and b, Figure 6.28B).
This ice lobe appears to have filled Glen Turretas head, for a thick bench of drift
occupies the western flank of upper Glen Turretictvihas an upper limit (d, Figure
6.28B) that declines towards the dissected dehla-fdeposits (e, Figure 6.28A) at the
head of the valley. Several lines of evidence ssigtheat this occurred during the LLS,
and to help make this point, as well as to viseali®e situation, NEXTMap software
was employed to superimpose the 260 m lake sudacthe DTM image of the area
(Figure 6.34). Note that this reconstruction cotour blue all parts of the area that lie
below 260 m OD, which would be the surface area ddke that occupied the area
today which had a surface at 260 m OD The evidémaesupports the proposal that a

glacier lobe occupied Glen Turret during the LL$oisr-fold:

1. The ice-marginal landforms described from the NEXap\plots not only make
a coherent pattern that fits with an ice-tonguedtlypsis, but the landforms are
conspicuous — especially the arcuate moraines — appmkar undegraded,
suggesting they have not been affected by pergjlpcocesses during the LLS.

2. There is no evidence for 260 m lake shorelinesdeis(i.e. up-valley of) the
GTF in Glen Turret, yet Figure 6.34 shows that weders of the lake would
have flooded into the valley if the GTF and assecidandforms pre-dated the
LLS.

3. Lowe and Cairns (1991) have cored the infilled eztits in Glen Turret to the
north of the arcuate moraine and found only Holeceediments, with pollen
evidence at the base of the sequence for an earlgcéhe invasion plant
sequenceRumex, Empetrum, Juniperus, Bejutgpical of the LLS-Holocene
transition, and they therefore conclude that thetriikely explanation is that the

terminal moraine at the GTF was formed during th&8 L
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4. The evidence of cosmogenic dates obtained fromdeosilon the surface of the

GTF, which are no older than the LLS, has alreaginballuded to above.

While each of these criteria is individually inctusive, taken together they would tilt
the balance of argument in favour of the inferraetiobe in Glen Turret having formed
during the LLS. This conclusion was also reachedtsgons and Cornish (1983) and
by Benn and Evans (2008), but the present authatespretation differs in detail from
these previous proposals. Sissons and Cornish J198Be no mention of the lobe
extending up to the head of the Turret, so thepnétation presented here adds to their
proposal. Benn and Evans (2008) suggested thailree of the ice that terminated at
the GTF was the Carn Dearg plateau, high abovedktern flank of the Turret Valley,
and that the ice came not from Glen Gloy, but ftbmsmall valley that drains from the
Carn Dearg plateau into the head of the Turrepdaoson of NEXTMap DEM data by
the author in that valley and the adjacent parth®fCarn Dearg plateau failed to detect
any evidence in support of this hypothesis; thdieyas devoid of any clear glacigenic

landforms.

A second simulation was constructed for the lakeéhat 325 m level, to assist in
visualising events associated with it (Figure 6.3%)is shows that this lake would have
extended throughout the lower part of upper Gley Bod most of Glen Turret. It is
necessary to note that both the delta and terrsseciated with the 325 m lake that
were highlighted in preceding sections (Figure B,2&nd 6.29) would have been
submerged by the 325 m lake. The landform evidemdbe lower Allt a’Chombhlain

suggests an ice margin delimited by the delta laima$ and the marginal features

described earlier, with the margins shown on FiguB5. It can be seen that these
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Figure 6.34 A simulation of the 260 m lake in upperGlen Roy based on GIS software,
superimposed on composite NEXTMap plot. Also showare the principal ice limits in the Turret
and Allt a’Chomhlain valleys and the distribution of preserved fragments of the Parallel Roads
inferred from NEXTMap DEM data.

A_ Cols

River

mmmem [T ice limit
Contenr line -100m

B =5 LAKE

Shorelines-NEX TMap

| R -E
- 25m

£ B0 m

I ket ol

Delta

- Meltwater channel

- Moraine -g

E_—j Landslide

[ it

l:l Temrace

E-::“:«‘., Woodland

0

Figure 6.35 A simulation of the 325 m lake in upperGlen Roy based on GIS software,

superimposed on composite NEXTMap plot.
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marginal limits lie close to where the 325 m shoeelpeters out in the Allt

a’Chombhlain valley. The absence of the 325 m shwrelvestwards of the inferred

limits was verified in the field. It seems reasdeatio conclude, therefore, that the delta
deposits formed in the 325 m lake in the risingelalequence. This rise in lake level
may have been sufficient to destabilise the ice lthtat occupied the Turret at the time
of the 260 m lake, causing it to retreat and becstakilised on land or in very shallow
water, near the margin of the 325 m lake. The #uterrace on the northern flank of the
Chombhlain (feature r, Figure 6.28; see also Figu2®) may have formed in the 325 m

lake of the falling lake sequence, after the ic# ledreated further.
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Figure 6.36 A simulation of the 350 m lake in upperGlen Roy based on GIS software,

superimposed on composite NEXTMap plot.

A simulation of the 350 m OD lake level based onXNElap and GIS software (Figure
6.36) shows that that lake would have extendeditiitout the lower part of upper Glen

Roy and Glen Turret and into the tributary vallefsGlen Turret. In the light of
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arguments presented above, it is presumed thajldlceer would have receded further,
under increased water depth, and the fact thaBfem shoreline peters out on both
sides of the Chomhlain valley might indicate thlaé tice margin retreated only a
minimal distance to this part of the valley, pretveg formation of the shoreline. This
remains speculative, however, as no landform ewelenould be found in the
NEXTMap plots to support this suggestion. The mataliscussed further in the final

section of this chapter.

A final point to note, with respect to Figure 6.36that all of the fans in upper Glen
Roy were completely submerged by both the 325 nm3&@dm lakes, and it is surprising
that no significant sediment bodies developed wisawams entered the lakes, a point

which is also returned to in the final section.

6.5 Conclusions

Glen Roy and vicinity was selected as a study dozatesting the potential of
NEXTMap DEM data for landform mapping and analyisesause of the variety and
complexity of the landforms in the area, while fesence of the lake shorelines
(‘Parallel Roads ) provide unique ‘isochrons’ that help to establisle temporal
relationships of some of the landforms. The reguiésented here have shown that the
landforms identified by previous researchers, basedtly on detailed field mapping
and aerial photography, are faithfully represeritethe NEXTMap DEM plots. Indeed,
because of the ability to change illumination diat, the landforms can be viewed in
3D from a variety of angles, providing a level arginy that may not always be
possible in the field. Furthermore, the whole figda can be examined, including
inaccessible parts. NEXTMap plots also provide @pective that is difficult to achieve

using other media. Aerial photographs, for examjpexjuently have parts obscured by
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cloud cover or distortions of light, and can usypalhly be examined under one mode of
illumination. NEXTMap data offer much more flexiityl in this respect, as well as the
ability to enlarge features, almost instantaneauslglso shows up detail that may be
difficult to observe in the field or on other medsaich as the feint ‘minor’ shorelines in
the Bohaskey area of Glen Roy (section 6.2.2) hagbssible trim-lines on Bohuntine

Hill and the flanks of Caol Lairig (section 6.2.8.2

Another advantage of NEXTMap data demonstrated isetieat the application of the
visual optimisation method, explained in Chaptand 4, generates a level playing field
for comparing features between localities. A shikfeature of the images prepared for
this study of the Glen Roy area, presented in exadections of this chapter, is the
difference in ‘freshness’ of the landscape that lbardetected: compare, for example,
the appearance of the features on the floor ofuimger Glen Roy, the Roy-Turret
confluence, Caol Lairig and the Viewpoint on thes drand, with the appearance of the
middle Roy Valley on the other. The former appearffesher and smoother than the
latter, which, in retrospect, reflects the intetptiens made (independently) on the basis
of the landform assemblages. In other words, teasaand features identified as of LLS
age appear very different to those interpretedder @n age. Of course this may prove a
simplification, when comparable studies are underiain other areas, but the matter
that needs to be examined in future researarhether this will hold true providing that

the images can be compared under optimal illumoratonstraints.

A further advantage of NEXTMap DEM data is the ipito manipulate the plots or

compilations of images to test ideas about landseaplution. This has been illustrated
here through the importation of the lake simulaxperiments (Figure 6.34, 6.35 and
6.36) which were used to examine the interactioesvéen glaciers and lakes, the

results of which have enhanced understanding ofsdgeience of events in the area.
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NEXTMap data seem to offer considerable scope dathér experimentation of this
type. It also offers the capacity for rapid measept of landscape properties, a feature
which will be illustrated in Chapter 7, where tHeility is exploited to undertake a

detailed examination of the surface form of thealBalrRoads.

Although not the primary objective of this reseambject, the observations presented
in this chapter have led to a re-assessment oagleeand sequence of events in Caol
Lairig and Glen Turret, and added some intriguirgvrinformation to the inventory
previously available for the Glen Roy area. Howewsame mysteries remain. The
conclusions about the sequence of glacial-lakerant®ns presented above, and the
conundrums that remain to be resolved, will be samsad in chapter 8, the final

chapter of this thesis, which synthesises the kegames of the research.
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7. Shoreline analysis: distribution, form and architec¢ure

7.1 Introduction

The Parallel Roads of Glen Roy were levelled imagntally and comprehensively for
the first time by the Ordnance Survey (OS) in thid &®" Century. However, Jamieson
(1892) noted some limitations with the measuremebtained by the OS officers. First,
they selected the mid-points between the shoreimieh and the outer edge of the
platforms, with little explanation of how represatinte these points might be or how
precisely the mid-points could be determined. Sdcabme measurements were
obtained from sections of the roads that are vesgrlg developed, and in some
instances where they are not observable in the. fidlird, no allowance had been made
for the patchy occurrence of peat development ovasfing amounts of scree and
colluvial material draped over the road surfaceas. combination, these factors
introduced an unquantified degree of noise to th@,dwhich led Jamieson (1892) to
recommend that a more careful, systematic surveyhefroads be undertaken, a

challenge not met until J.B.Sissons initiated naweays in the area in 1978.

Sissons (1978) initially measured the widths, aspeand notch altitudes of the
shorelines at 787 different points and at an awetagizontal interval of 115 m. He
took into account peat depths and avoided locatisits scree/colluvial cover. He
subsequently re-leveled the shorelines at inteeB25 to 30 m (Sissons and Cornish,
1982b). On the basis of these results, he was tableake a number of important
observations about the Parallel Roads. First, #qgyeared to have consistent widths
throughout Glens Roy, Gloy and Spean, both withid autside the mapped Loch
Lomond Readvance (LLR) ice limits. The average kgdof the top (350 m), middle
(325 m) and lowest (260 m) shorelines in Glens Ray of the single (355 m)

shoreline in Glen Gloy, were found to be 15.2, 1a(&k4 and 7.3 m respectively, but he
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did not detect a significant difference in the meadths of the roads inside and outside
the LLR ice limits. The road widths were also imfiiced strongly by aspect (direction
in which the backing cliff faced) and by stream&wdeing fluvially-transported load on

to the platforms. Away from these influences, hogrewe found the shorelines to be
remarkably uniform in width, from which he deduddet the Roads must have been
formed exceedingly quickly and subsequently steddliat a uniform width (Sissons,

1978).

Second, he found that the Roads do not have censisititudes or along-valley
gradients, but are dissected into a series of bldbkt show varying degrees of tilt:
some blocks are horizontal, while others recordinar gradients of up to 4.6 m ki
(Sissons and Cornish, 1982b). Third, significastatiations of adjacent segments of the
road surfaces are apparent, with vertical throwsipto 3 m or so, usually found in
association with faults or landslips/rockfalls. Frothese observations, Sissons
concluded that the roads had been differentiablodated at numerous points caused by
loading or unloading of the ground by glacial iced@r the associated ice-dammed
lakes. He therefore also concluded that this degreeleformation precluded the

possibility of measuring overall shoreline gradgefar the Parallel Roads.

By contrast, Dawsoet al.(2002) conducted independent measurements ofdhd<Rin

Glen Roy and on the basis of 104 altitudinal valkemscluded that they show consistent
along-valley tilts of about 0.11 to 0.14 m Rpwhich they attributed to a regional trend
in glacio-isostatic uplift. On the basis of thisidance, they suggested some minor
modifications to previously published uplift isokagatterns for Scotland, as proposed
by Smith et al. (2000). This conclusion was subsequently vigopusintested by

Sissons, on the basis of his published evidencedmplex and pronounced dislocation

of the Roads (J.B. Sissons, oral presentation, @& meeting, September 2008).
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The availability of NEXTMap coverage for the GlewyRarea offered the opportunity
to re-visit this matter, and to test Sissons’ symeasults and conclusions as well as the
validity of Dawsonet al's claims. The main purpose of this chapter, tlerefis to
generate more comprehensive data on the distrilgusitiitudes, widths and surface
architecture of the Parallel Roads using the faedi offered by NEXTMap DEM
compilations. Altogether almost 32,000 spot-heigigasurements have been obtained
from mapped shoreline surfaces, the results of vhre presented below. These data
are used to establish (a) the degree of vertiaigion with which the shorelines can be
measured using NEXTMap-generated data; (b) theedetyr which the shorelines are
deformed or dislocated; and (c) whether, desp#ddbal effects of dislocation, regional
glacio-isostatic trends can be discriminated ushg much larger data-set of surface
measurements. One possible future applicationefdbults of this investigation could

be the reconstruction of the original architectofréhe shorelines, prior to deformation.

7.2 Methodology
7.2.1 Assumptions concerning the mode of formation of th&®oads

Sissons (1978) concluded that the Parallel Roads n@ formed by wave action alone,
in the manner generally proposed for wave-cut ptaté (e.g. by Schaetel al, 2002;
see Figure 7.1), but in an accelerated processvingofrequent wetting and drying at
the lake margin under arctic conditions. The assionfhe made was that the Roads
were excavated entirely during the interval of tloeh Lomond Readvance, which he
assumed to have lasted approximately 1,000 yeaesthien-accepted duration of the
Loch Lomond Stadial. Subsequently Palraerl. (2010) have developed a chronology
for the formation of the Roads based on varve amglyand concluded that the
ice-dammed lakes existed for a maximum of arounsl ydars, which therefore also

limits the time available for formation of the R@aa point returned to in later sections
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of the thesis.

A

wave-cut bluff /

storm wave maximum heights

mean water level &
——— g P  houlder lag

B P
J postlacustrine debris  bluff /
(colluvium & slopewash) [

| former mean water level

wave-built
terrace

Figure 7.1 A. Generalised model of wave-cut platfan and bluff formation, showing the position of
mean water-level and boulder lag. B. Surviving feares after lake recession, with assumed level of

former mean water- level (from Schaetzkt al., 2002)

Under an arctic climatic régime, lake-marginal i@moves material progressively
during thaw periods, constantly exposing fresh aawg$ to freeze-thaw processes
(Matthewset al, 1986; Aarseth and Fossen, 2004). The excavatiocess envisaged
for the formation of the Roads is therefore siguaifitly different to that for normal
wave-cut bench formation under temperate conditiéits the latter, the lake water
erodes the bluff and transports debris from thenstwave maximum height position,
either downwards or by wind drift along the platfoedge, to form a wave-built terrace
(Figure 7.1). The shoreline can be defined at amsitipn between the storm wave
maximum height and the top of the wave-built tegratiough some have argued that

the best indicator of mean water level is the fobtthe wave-cut bluff or of any
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associated boulder lag (Johnson, 1933; Miller, 19B®wever, melting blocks of ice
can carry material out into the deeper parts ofidke, beyond any wave-built terrace,
and could in theory also extract material from baek wall that lies above the mean
level of the lake, where the lake ice is sufficignhick. These factors therefore lead to
more efficient excavation of debris from the platfip but may limit the development of
a wave-built terrace. Indeed, evidence of a wavl-berrace was rarely observed by
the author during field surveys, while the lowestnps of observed boulder lags were
frequently difficult to define in the field, as asult of peat cover. For these reasons,
consistent definition of a particular profile marke.g. bluff foot; boulder lag edge;
platform mid-point; etc.) is difficult to apply ithe field, and is even more problematic
when attempting to identify such features using NEdap DEM data. In any case, the
significance of such features may be equivocal wtmmsidering platforms excavated
by prolonged freeze-thaw processes, for the reagimes above. To avoid subjective
selection, therefore, an alternative approach wipted, which was to measure as
many random measurements as possible from preediefimall plots set out at regular
intervals along the Road surfaces. One great adgardf using NEXTMap technology
is that it enables the rapid measurement of nunsespat heights. In this approach, it is
assumed that the mean measurement for each plobxapates the altitude of mean

lake water level.

7.2.2 Mapping shoreline fragments using NEXTMap DEM data

Ice-dammed lake shorelines have characteristics dna quite different to other
landforms examined in earlier chapters. Firstlgytlare relatively “flat” in comparison
with the general relief in the immediate vicinitigough for the most part they have a
gentle gradient from the back-wall to the front edbereafter termed the ‘platform
slope’ to distinguish it from the along-valley latglinal gradient of the shorelines; the

latter are the main focus of the current study.ifTBecond important characteristic,
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from the point of view of digital mapping, is thiey form continuously linear features
at predictable elevations within the valleys, amtide can be easily distinguished from
other linear features, even where displaced by-glasial tectonic rebound or local

seismic activities.

In Chapter 4, the mapping of glacial landforms sashdrumlins relied on the use of
hill-shaded imagery and examination of the form bodndaries of features using the
rotating (incident) light method. This approach waswever, not found to be helpful
for the identification and mapping of shorelinegiments. Changing the altitude and
azimuth angle of incident light was frequently fduto be unproductive, because the
very narrow shoreline features become quickly otestiby shadows projected by
adjacent valley walls, especially where shorelireginents are located in the middle
part of a steep hill (as illustrated in Figure AR An attempt to improve the clarity of
the shorelines on the DEMs was made using hillsipdats with a vertical illumination
angle, but the results provided poor visualisabbithe relative relief on the shoreline
surfaces. This caused difficulties for defining tmindaries of shoreline fragments. To
avoid this shortcoming, the slope map approachemasloyed (Figure 7.2 B); this has
advantages over hill-shade plots. (1) It is noeet#d by azimuth bias (see Chapter 4).
(2) There is no requirement to pre-set the azinamith altitude angle, which means that
a single image setting can be employed for the svmoépping process. (3) Abrupt
changes in relief and flat features are easier éteal and map. The hill-shade
transformations can also be used in tandem witpesitoap transformations to provide
additional detail, but only where free of the shadeffects illustrated in Figure 7.2A.
However, hill-shade transformed plots generallyta@lhuman eye better, and hence are
employed where possible for assessing geo-spatatlianships between the Roads and

other features.
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The generation of slope maps for the mapping ofredim@ fragments is quite
straightforward. It consists of delineating grouhdt is relatively flat and continuous
over a fixed altitude, initially at a scale of 1,000 (Figure 7.3A). In order to increase
the accuracy of the mapping, however, the imagke sced in the present research for
mapping shoreline fragments was usually larger har000: an example is provided in
Figure 7.3B, which shows the mapped boundarieshofesine fragments identified
using an image scale of 1:1,000. The shorelinenfeag boundaries were delineated

carefully along the junction between flat and stgeqund.

7.2.3 Measurement of shoreline altitudes

Sissons (1978, 1982b) employed a surveyor’s lewdl Sopwith staff to obtain his
measurements of the altitudes of the Parallel ROBlds target measurement accuracy
maintained was 0.01 m with a closing error on syrraverses of less than 0.15 m.
Traverses with larger errors were repeated unéldlosing error was achieved. This
method requires frequent temporary benchmarks toestablished, especially in
stretches that are distant from fixed OS benchmarfke precise positions of the
measured points on aerial photographs and mapskabhg to have been difficult to
determine exactly: Sissons’ work was conducted reefthe development of good
qguality GPS equipment. A further difficulty with éhSissons (1982b) data-set is that
single measurements were obtained from selectdd pathe platforms at each survey
point; these were assumed to be representativecahwater level, the verification of

which is difficult to judge.

Digital elevation data derived from NEXTMap, on tl¢her hand, have potential
horizontal errors of up to 5 m and potential vettiesolution uncertainties of ca. 0.5 to
1.0 m (Chapter 3; but see section 7.6, below). Adrezontal error is not regarded as a

problem for the interpretation of the data presgrttelow, as it is tiny compared with
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the overall Road lengths analysed (ca. 20 km @)to®n the other hand, the operating
error for altitudinal measurements is relativeliggiacompared with the altitudinal range
of each Road surface. The key question, thereferehether reliable statistical trends

in shoreline altitudes can be obtained using NEXpMata.

Value |
High : 86.1972

Low :0

Figure 7.2 A. Hill-shaded plot of the area close tthe Viewpoint in Glen Roy. B. Slope gradient plot

of the same area. Note that the roads are obscured the western side of the valley in Figure 7.2A
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High : 86.1972

Low: 0

High : 86.1972

Low: 0

Figure 7.3 A: Mapping of shoreline fragments at thel:10,000 scale, used for initial delineation of

shoreline fragments. B: Fragments of the 350 m (Mlel) and 325 m (blue) shorelines mapped at a

scale of 1:1,000.

Altitudinal variations along the Parallel Roads ®vestatistically tested using (a)

regression analysis, (b) comparisons of means #&mibdard deviations of selected
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fragments or blocks, and (c) trend-surface analyle first two approaches provide
information on localised patterns and discrepantiethe data, while (c) provides the
best test for discriminating the overall three-dnsienal architecture of the platforms.
Trend-surface analysis is an established tool feteating spatial trends in
three-dimensional surface data, and has been madshyvapplied in the British Isles for
the measurement of the surface architecture oédaisarine terraces (raised beaches,
rock platforms) and for determining their regionsbbase patterns (e.g. Gray, 1974,
1978; Smithet al, 1969, 2000, 2006; Dawson, 1989; Fretvetlal, 2004). It was also
employed by Dawsoast al. (2002) to construct isobase trends for the Pagib@ds of
Glen Roy, the results of which are assessed inose¢tl0. Trend surface analysis was
undertaken in this research primarily to test thsults of Dawsort al. (2002), using
software supplied bT Geo Wizard¢version number 9.9), a plug-in tool designed for

operation with Arc GIS.

The data-set for statistical testing of the surfaahitecture of the Roads was generated
as follows. First, well developedtretchesor ‘reaches’ of each of the Roads were
mapped using a combination of NEXTMap DEM data51020 scale O.S. maps, and
field mapping. Each stretch or reach was usuallynbed by deep ravines, gullies,
landslips or other physical features responsibiddoalised destruction or obscurance
of the Roads. The stretches identified by this pdoce are defined in Figures 7.4 to 7.6.
Each stretch was subsequently subdivided into smsgigmentsthese are constituent
fragments of each road stretch that could be mappetinuously at a high spatial scale
(1:2,000 to 1:1000), as illustrated in Figure 7.88r each segment, a fixed number of
random measurements were obtained using the rasdampling protocol included in
GIS-ET Geo Wizardsoftware, but with an arbitrary, minimum sampleap@eparation
of 2.5 m, as illustrated in Figure 7.7. The GIS grean employed automatically

provided X and Y co-ordinates to define each sanmamt in space, as well as Z
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co-ordinates defining the altitude of each poiratree to OD The total number of
measured points generated was 31,952, of whichLZ@9%e obtained for fragments of
the 260 m shoreline, 11,917 for the 325 m shorelnd 12,044 for the 350 m shoreline.
This compares with the total of 1029 points usedSissons (1982b) in his analysis.
Note that this study is limited to Glen Roy norfitlee Viewpoint, as this was primarily
the focus of both the Sissons (1978) and Dawsioal., (2002) studies. Thérend
analysis facility provided in theGeoWizardsstatistical tool box for use with Arc GIS

was employed to generate trend surface modelstiese data (section 7.10).

209



000FRL. (000062 000387, 000932 000V3L

Figure 7.4 Continuous stretches of fragments recogged for the 260 m shoreline, labeled by

alphabetical letter

210



Figure 7.5 Continuous stretches of fragments recogged for the 325 m shoreline, labeled by
alphabetical letter.
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Figure 7.6 Continuous stretches of fragments recogged for the 350 m shoreline, labeled by

alphabetical letter.
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325_polygon_points
350_polygon_points

Figure 7.7 lllustration of typical density of randomly distributed measured points on stretches of
the 325 m (blue points) and 350 m (green) Parall®oads. These features are located close to the
Viewpoint in Glen Roy on the eastern side of the Viay (stretches labeled A in both Figure 7.5 and
7.6).

7.3 Distribution of the Parallel Roads

Ordnance Survey maps show the distribution of theallel Roads in Glen Roy based
on field surveys conducted by O.S. officers innfid-19" century. The depiction of the
Roads on the 1:25,000 O.S. maps were digitisedftandesults (Figure 7.8) compared
with the results of mapping undertaken in the presesearch using NEXTMap DEM
data at a scale of 1:10,000 (Figure 7.9). Both nmapscompared with the results of
mapping and survey of the Roads published by Ssssph978 (Figure 7.10). In general
terms, the shoreline distributions mapped by thén@nce Survey and by Sissons (1978)
are similar to those derived from NEXTMap mappibgt there are notable differences,
with examples highlighted by the boxed areas (nth#keB and C) in Figure 7.8 to 7.10,

and shown in greater detail in Figure 7.11 to 7.16.
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Figure 7.8 Digitised map of the distribution of the Parallel Roads of Glen Roy as depicted on
1:25,000 O.S. maps. For explanation of boxed areage text.

B
Figure 7.9 Distribution of Parallel Roads in Glen Ry using NEXTMap DEM data at a scale of 1:

45,000. For explanation of boxed areas see text
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Figure 7.10 Distribution and widths of Parallel Roals of Glen Roy as surveyed by Sissons (1978).

Box A encompasses the west (right) bank of the Riveretubetween the Allt
a’Chomlaich and the Roy Valley. Sissons (1978)ridmake measurements of the 325

m shoreline widths in this sector, and obtained/¢wb width measurements from the
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350 m shoreline (Figure 7.10), which means thatcbesidered them to be poorly
developed and discontinuous. Yet the shorelinegappontinuous on the OS maps
(Figure. 7.11 and 7.12) and are clearly represeatretlEXTMap DEM plots (Figure
7.13 and 7.14). Indeed, both the 350 and 325 me8hes in this stretch appear to be
‘double-lined’ (each marked by two linear markiragyned in very close proximity —
less than 1.0m apart). The reason for this is learcbut it could indicate a slight shift
in position of the land surface in this vicinityenthe time that the 325 m lake existed,
perhaps in response to isostatic adjustments. dhestanent could have taken place
between the times that the 325 m lake occupieddhey in both the rising and falling
lake sequences. A further possibility is seasomainges in lake level, perhaps as a
result of the overflow cols being choked with iagidg winters. It is strange, however,
that this phenomenon is confined to this small af@asimilar features have not been

detected on the images that cover other partseoRthy and Turret valleys.

The head of Glen TurreBox B may hold important evidence for testing the arigf
the Turret Fan (see section 6.4) and thereforaigtebution and form of shorelines in
this area could be critical. The O.S. maps do hotsthe 325 m shoreline on the east
side of the upper Turret (Box B, Figure 7.11), bBlEXTMap DEM data support the
interpretations of Sissons (1978), who mapped sreatinants of the 325 m shoreline
that are discernible in this vicinity (Figure 7.1013, 7.14), though they appear more
discontinuous on the NEXTMap plots than in the @issmap. Field observations by
the present author suggests that these 325 m sl@remnants are closely associated
with a mass of glacigenic sediments that occupyhtal of the Turret, and indeed may
be associated with a terrace, possibly a kameceriaa point illustrated in section 6.4
where the origin and age of the Turret Fan areudsed. Also in this area, the 350 and
325 m shorelines on the opposite side of the vall®yshown as continuous features

(Figure 7.11 and 7.12). Sissons shows the 350 mekh® to be almost wholly
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continuous in this area, but the 325 m shorelinketaiscontinuous (Figure 7.10). The
NEXTMap plots suggest both shorelines to be magkecontinuous (Figures 7.13

and 7.14).

Within Box Care shorelines developed on the NW side of thelimigection of the Roy
Valley, ca. 1.5 km north of Achavady ruin and oé ol separating the Roy from Caol

Lairig.

All three shorelines are cut into bedrock and haveteep outward (platform) slope.
Both the O.S. maps (Figure 7.15) and Sissons’ nkagufe 7.10) show all three
shorelines as continuous features, but they appesinctly discontinuous on the
NEXTMap plots (Figure 7.16). From personal fieldsetvations, the shorelines look
continuous from the valley bottom, but on closespiection it is difficult to trace them
continuously on foot, as they are often exceedingyow, have very steep backing
slopes, and hence disappear beneath scree andvalepalebris. These properties make
it exceedingly difficult to trace the shorelinesings NEXTMap plots with a 5 m

horizontal resolution.
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Figure 7.11 Digitised transform, based on 1:25,000.S. maps, of the shorelines mapped by the O.S.

in the vicinity of the Turret-Roy confluence, shownon DEM plot.
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Figure 7.12 Simplified map version of the digitisedO.S. shoreline distributions shown in Figure

7.11.
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Figure 7.13 Shorelines in the vicinity of the Turré-Roy confluence mapped from NEXTMap plots
at a scale of 1:25,000.
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Figure 7.14 Simplified map of the shoreline distrilntions shown in Figure 7.13. The red arrow

points to small patches of 325 m shoreline identéd.
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Figure 7.16Shorelines in the middle reach of Glen Roy mappedsing NEXTMap DEM plots.

A further example of the degree of discrepancy betw mapped distributions of
shoreline fragments based on NEXTMap plots andetthased on field surveys relates

to the northern extremity of Glen Roy, near theflemmce with the Allt Chonnal, which
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drains the Carn Dearg plateau (Figure 7.17). Bamh Bvans (2008) suggested that
irregular, small moraines on this plateau surfaw more prominent moraines and fans
in the lower reaches of the Allt Chonnal could be product of a cold-based ice cap.
They also suggested that this plateau ice fed @egléhat descended the Allt Chonnal
on to the floor of the Roy, where prominent termiieatures have been mapped (within
area D in Figure 7.17). Sissons did not investitiatearea, but the O.S. maps show the
350 m shoreline cutting into these terminal feagume their southern sides (Figure 7.17).
This evidence would suggest that these terminabslepppre-date the formation of the
350 m lake. This interpretation is not supportealvéver, by more recent mapping or

by NEXTMap DEM pilots.

Eaves (2009) has re-mapped the Carn Dearg platehoaame to similar conclusions to
those of Benn and Evans (2008), though he hasisdppller details on the distribution

and form of the glacial landforms in the area. W@p®rts the interpretation of the
deposits enclosed by area D, Figure 7.17, as ntatki@ terminus of an outlet glacier
descending the Allt Chonnal, but finds no evidefarethe 325 m shoreline associated
with these landforms. The NEXTMap DEM plots suppibwe views of Eaves, as no
shoreline features could be detected in this wigifitigure 7.18). This places a different
possible interpretation on the age of the glackeminus: either it occupied the area
during the time the 350 m lake existed, or it pdmtes the 350 m lake. Either
interpretation would imply that the glacier reachigsl terminus during the Loch

Lomond Stadial. This demonstrates the importancestdblishing the true distribution
of the shorelines, and their association with othedforms, as they can provide key
information on the age of associated features. [famrative possibility, however, is that
the shorelines, which tend to be best developeleainock, were poorly developed or
have not survived on the unconsolidated materiakloth the Allt Chonnal terminal

landforms are composed. This interpretation isfaebured, however, because Figure
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7.18 shows that the 350 m shoreline is present twtthe NE and SW of the Allt
Chonnal mouth, and is only missing from the are&nelthe terminal landforms have
been mapped. For this reason, the preferred imtatpoon is that of Benn and Evans
(2008) and Eaves (2009), that a glacier occupiedAtit Chonnal valley during the

Loch Lomond Stadial.

In conclusion, identification of the shorelinesngsiNEXTMap DEM data generates
distributions for the three Parallel Roads that, are overall pattern, reasonably
compatible with results based on instrumental sigvéDiscrepancies between the
NEXTMap results and those of the O.S. survey wérecked in the field, and in all
cases the former proved the more reliable and dwigee more realistic detail of the
variation in form of the Roads and of their ‘patchgpture. Discrepancies between
NEXTMap results and the published data of Sissd®§g) are more minor, but the
NEXTMap distributions again show more variation afetail; in some instances this
may be false detail, where a combination of stesigefrand angle of light incidence
obscures features that can be more readily assbgdezld examination. In most cases
checked in the field, however, the level of detejpresented in the NEXTMap DEM
plots was found to be real. It is concluded, thenesfthat the distribution maps of the
Parallel Roads based on NEXTMap DEM data are ctiyredhe most detailed and

reliable representations of the distribution andticwity of the Parallel Roads.
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Figure 7.18Shorelines in the vicinity of the Allt Chonnal-Royconfluence based on NEXTMap DEM
plots.
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7.4  Variations in platform width, aspect and slope

Sissons (1978) measured the widths of the shoselireen the foot of the wave-cut
‘bluff’ or cliff to the outer edge of the Road piatm at a total of 787 locations (Table
7.1).The measurements were of horizontal widthg, the length of the inclined
platform slope. He observed that the Roads andihgckiffs tend to be best developed
on slopes facing towards the SW — towards the time®f the present-day dominant
wind direction. Assuming this was also the dominaitd direction at the time the
ice-dammed lakes existed, this suggests that tbeeps of shoreline formation was
wind-assisted. He also found that they were infbeéehby inflowing streams, which
appear to have delivered fluvial deposits to the ladge; his observations showed that
this influence could extend a long way along therslines, presumably as a result of
wind-drift. Finally, and perhaps surprisingly, heuhd that the shorelines were wider
where they occurred within the maximum limits oé thoch Lomond Readvance than
they are outside those limits. Clearly the shoeslndths are influenced by a number of
factors, which Sissons (1978) was able to notdénfield and subsequently analyse in
detail. He also measured the angle of platformaserinclination from backing cliff to
outer edge (platform slope), and noted a numbéaatbrs that influenced this property

also.

It is not possible to distinguish stream influericen NEXTMap data directly, as it is

usually extremely difficult to make a distinctioetitveen uncovered rock platforms and
debris-covered platforms from examination of theMDRlots. Data generated in this
thesis therefore focus on the overall variatiorplatform widths and slope, and are
compared directly with Sissons’ total data-set awkrages for the total set of
measurements he obtained for each platform. To rtrekeomparisons valid, the new
data will be compared with Sissons’ results forsaié the Loch Lomond Readvance

limits only (i.e. measurements obtained beyond Wewpoint, which is the area
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examined in the present study). In this study, taltof 5203 measurements were
obtained for both platform horizontal widths andpse gradient by random selection, for
comparison with Sissons’ (1978) data. 1111 measemé&nwere obtained from the 260
m, 1931 from the 325 m and 2054 from the 350 medh@s in Glen Roy, and 107 from
the 297 m shoreline in Caol Lairig; Table 7.2)(dalso provided in the CD, Appendix

3.1). No measurements were obtained from Glen Gloy.

Table 7.1 Summary of measurements made by Sissons9{8) on the horizontal widths of the

Parallel Roads of Glen Roy outside the Loch LomonBeadvance ice limits

260m 325m 350m Gloy All
No. of measurements 90 182 158 49 479
Average width (m) 12.4 9.9 9.8 8.6 10.2
Standard deviation §) 7 5.4 6.2 4 6
Greatest width (m) 63.6 31.2 55.3 23.8 63.6
Smallest width (m) 34 2 1.6 2.6 1.6

Table 7.2 Summary of measurements of the horizontakidths of the Parallel Roads made in this

research using NEXTMap DEM plots.

260m 325m 350m 297m All
No. of measurements 1111 1931 2054 107 5203
Average width (m) 10.51 10.35 9.76 9.04 10.12
Standard deviation §) 3.86 3.81 343 1.99 3.66
Greatest width (m) 26.24 26.98 28.03 14.38 28.03
Smallest width (m) 4.61 4.39 3.47 4.76 347

Before comparing results, it is important to pawit anomalous values in the Sissons
(1978) data. In two places, Sissons recorded ullyswale platform widths, circled
green on Figure 7.10. Point 1 is considered byoBsdo be a kame terrace that is
associated with the 350 m shoreline, measuring B5i3 width. Sissons noted that this
was responsible for increasing the standard deviatalculated for his 350 m shoreline
width measurements. There also appear to havedmra extreme values encountered
in association with the 260 m shoreline, the maximwidth value of which Sissons

measured to 63.6 m (Table 7.1). Sissons explainesetas measurements taken from
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outwash fans and kames terraces that coincided shtireline altitudes, and are
probably mostly encountered in the lower Roy (saftthe Viewpoint), though at least
one anomalous value for the 260 m shoreline is ethdn Figure 7.10 at point 2. No
extreme values of this nature were obtained froemNEXTMap data, and indeed field
examination failed to uncover the kame terracerredeto by Sissons. In any case, it
appears that these extreme values relate to sppalsitional circumstances, and are

not representative of the platforms.

Since the original data generated by Sissons wareupplied in the 1978 paper and are
now no longer available, direct comparisons betwbenSissons and NEXTMap data
(Tables 7.1 and 7.2) are not straightforward. Neéndess, the following observations
can be made. There is a reasonably close correspoadn the measurements for the
widths of the 325 m shoreline, with a mean of 9.%.# m obtained by Sissons,
compared with 10.35 = 3.81 m from the NEXTMap studihrere is much closer
correspondence in calculated mean widths for tier8shoreline (9.8 + 6.2 m Sissons,
cf. 9.76 + 3.43 m NEXTMap), despite the extremeugahfluencing the Sissons data.
The biggest difference between the two data-setseras the measurements for the 260
m shoreline: 12.4 £ 7.0 m (Sissons) cf. 10.51 #6318 (NEXTMap). Although the
standard deviation rangescjloverlap considerably, the difference in mean eslis
marked, and suggests a systematic difference bettireetwo sets of measurements. It
may reflect the much greater number of measuremeide using the NEXTMap
software — almost 8 times the number of measuresrgenerated by Sissons’ study for
the whole of the Roy-Gloy-Spean system. With sudarge number, the locations of
which were generated randomly, extreme values usual locations are less likely to
skew the overall results. The benefit of a muclgdamumber of measurements may
also be reflected in comparisons of the standawihtien values obtained in the two

studies. Sissons’ calculated SD values for the Ratform width measurements of 7.0,
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5.4 and 6.2 (m) for the 260, 325 and 350 m shaslnespectively, compare with 3.86,
3.81 and 3.43 (m) for the NEXTMap results respetyiv The tighter SD values
obtained from the NEXTMap data suggests that exdrealues have less influence on
the overall averages: it appears that the 5m hat@oresolution limitation of

NEXTMap data has not seriously distorted theseltesu

An interesting outcome of the NEXTMap results iatthhe highest mean value is
obtained for the 260 m shoreline, the next highestthe 325 m shoreline and the
lowest for the 350 m shoreline. This is commensuveith the relative length of time
each lake is thought to have been in existence 280 m lake for longest, and the 350
m lake for the shortest amount of time (Palreeal, 2010). The 297 m lake in Caol
Lairig probably existed for an even shorter timarthhe 350 m Roy lake (Tye, 2007),
and hence the mean value obtained for this sheresinin line with the Roy data.
However, the differences between the four meanhsidire remarkably small, which
supports Sissons’ (1978) conclusion that the Rardloads were formed quickly,

attained a near-uniform average width, and thezeditveloped much more slowly.

Sissons also analysed the influence of shorelipecion platform widths, the aspect
being the compass direction that the backing-&hitfes towards. For example, a line
projecting at right-angles from the backing cldfrmards the outside edge of a platform
that points towards the NE is classified as havendNE aspect. His results are
summarised in Table 7.3. A similar exercise wasdooted in the current project, but
two things limit direct comparisons between the thada-sets. First, measurements of
the 297 m shoreline from Caol Lairig were includedhe current work (Table 7.4) and
not the 255 m shoreline in Glen Gloy included bgs8ns. This by itself would not be a
major problem, since these data form a very mimopgrtion of the totals in each study.

The second is a more insurmountable problem: Sssposvided summary data for the
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total of 713 measurements he made in his ovenadlystombining the results obtained
from locations outside and inside the Loch LomorehdR/ance ice limits. Since the
primary data are not supplied, and are no longeessible, is it not possible to
discriminate the measurements for shoreline remnsnimg outside the ice limits.
Furthermore, Sissons does not supply standard tovigalues for these calculations.
Care needs to be exercised, therefore, when matongparisons between the two

data-sets.

Nevertheless, in both studies the widest averagiopin measurements, 15.3 m in the
Sissons data compared with 12.45 m in the curtedisare found on SW-facing slopes
(Tables 7.3 and 7.4). The rank order of averagéogpoha width measurements show two
marked differences: (1) south-facing shorelinesrarked second in the Sissons data,
but 6" in the current study. (2) NE-facing shorelinésegjual in the Sissons study, but
8" in the current study. The differences may in peeflect the influence of
measurements obtained by Sissons from Glen Spdadaoh wenerally runs W-E, with
little variation in hillslope aspect. Similarly, & Roy runs predominantly either N-S or
SW-NE, and hence there is not an equal opportdioitghoreline development in each
sector. This is reflected by the very low numbdrseasurements obtained by Sissons

for the NE, N and SW sectors; these sectors aterlrepresented in the current study.
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Table 7.3 Width of the Glen Roy and Gloy shorelineselated to aspect as reported by Sissons (1978).

Column 3 gives average platforms widths and run orer (R.O.)

Aspect Frequency AVE WIDTH & R.O.

N 36 9.5 (6)

NE 9 11.2 (3=)

E 60 8.8 (7)

SE 188 8.7 (8)

S 133 14.1 (2)

SwW 52 15.3 (1)

W 90 11.2 (3=9)

NW 14E 9.8 (5

All 713 11.1

Table 7.4 Widths of the Glen Roy and Caol Lairig sbrelines related to aspect from the results
obtained in this thesis. Column 3 — average platfon width and rank order; column 4 — standard
deviation of width measurements; column 5 — averagplatform slope from horizontal in degrees;

column 6 — standard deviation of angle of slope.

Aspect  Frequency AVE-PLAN_WIDTH & R.O. STD-WIDTH AVE_SL O-DEG  STD-SLOPE

N 404 9.38 (7) 3.57 9.83 3.6

NE 193 8.58 (8) 2.25 10.15 531

E 425 9.68 (5) 4.06 13.67 379

SE 953 10.83 (3) 331 16.11 6.12

S 706 9.49 (6) 2.8 14.36 6.5
SwW 345 12.45 (1) 4.42 11.33 40

w 922 10.76 (2) 4.31 11.29 6.51
NW 1255 9.72 (4) 3.01 11.3 5.81

All 5203 10.11 3.58 12.26 583

The difference in results obtained for NE-facingatfirms is the biggest single
difference between the two studies. In theory, ifs8ns’ explanation is correct, this
should show one of the lowest average width measemes, since NE-facing slopes
should be protected from a south-westerly air stteBhe highest width measurements
should be expected on SW-, SE- and NW-facing slapase the first faces directly into
the wind, and the other two funnel the wind alon§\W-NE axis. The NW aspect is
ranked in the middle of the series in both studies,SE is ranked lowest in the Sissons

study and second highest in this study. On facaeyaherefore, the results from the
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present study better fit the expected patternpiosxre to wind direction and fetch had a

dominant influence on platform development.

Sissons (1978) measured the angle of inclinatioplatform slopes in Glen Roy, from
back-wall to outside edge, and found the 260 medimar to have the highest inclination
(12.0 degrees) and the 325 m platform to be shalbw inclination (10.6 degrees) for
locations lying outside the Loch Lomond Readvarneatd (Table 7.5). His study was

based on a total of 479 measurements.

Table 7.5 Inclination of platform slopes of Parallé Roads lying outside the Loch Lomond

Readvance limits measured by Sissons (1978).

260m 325m 350m Gloy All
No. of measurements 90 182 158 49 479
Average slope(degree) 12 10.6 11.8 10.6 11.3
Standard deviation(degree) 2.9 33 3.6 2.3 3.3
Maximum slope(degree) 23.5 19 19.5 21.5 23.5
Minimum slope(degree) 5 3 2 5 2

An attempt was also made in the present study &suore the slope values of platforms
lying beyond the Loch Lomond Readvance limits usMgXTMap measurements
obtained from 5203 locations (Table 7.6). The rssobtained give steeper inclinations
for all three shorelines in Glen Roy than calcuddby Sissons, with the results for the
325 m shoreline showing the largest differencegqt@grees in Sissons study compared
with 13.55 m in the current study). Furthermoreg tNEXTMap results show the
highest variance, with standard deviation valuegniBcantly higher than those

calculated by Sissons.
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Table 7.6 Inclination of platform slopes of Parallé Roads lying outside the Loch Lomond

Readvance limits measured in current study.

260m 325m 350m 297Tm All
No. of measurements 1111 1931 2054 107 5208
Average slope(degree) 12.56 13.55 12.24 12.07 12.Y9
Standard deviation(degree) 4.68 6.33 6.3 3.47 5.98
Maximum slope(degree) 27.94 29.58 29.96 20.08 29.96
Minimum slope(degree) 1.99 0.8 0.74 4.94 0.74

It appears, therefore, that NEXTMap performs leaslli when assessing parameters
that require both spatial and vertical definiticais their computation entails the
combination of horizontal (5 m) and vertical (0.51-0 m) measurement errors.
Furthermore, the results are based on a DSM (tigdace model) which has not been
corrected for peat, scree or colluvial cover, wher8issons was able to take this into
account in his calculations. Hence little significa is attached to the

NEXTMap-generated platform slope data.

7.5 Measurement of longitudinal shoreline gradierst

Nearly 32,000 altitude values have been obtainedni@mpped stretches of the Parallel
Roads of Glen Roy located north of the Viewpoimc(en 7.2.3), primarily to test for
systematic altitudinal trends in the data. Analysit the results is far from
straightforward, however, due to the discontinuansl complex architecture of the
Roads. The problems are exemplified in this sachip reference to a sub-set of the
data, plotted in Figures 7.19 and 7.20. These dgwhow all altitude measurements
obtained from NEXTMap for the surface of the 260shoreline extending along the
eastern side of Glen Roy between geographical dmates NN3084 and NN3592.
Each datum point is defined in NEXTMap by X and &-ardinates which determine

geographical location and a Z co-ordinate whichsuess altitude in m OD.
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Figure 7.19 Altitude data for the 260 m shoreline © the eastern side of Glen Roy plotted
orthogonally on to a northing axis extending betwe® NN840000 and NN920000. Regression
equations and R values are given for linear (top left) regressiomnalysis (black line) and 2 order

polynomial (top right) regression analysis (yellowine) of the data. For further explanation see text
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Figure 7.20 Altitude data for the 260 m shoreline © the eastern side of Glen Roy plotted
orthogonally on to an easting axis extending betwaeNN300000 and NN360000. Regression
equations and R values are given for linear (top left) regressiomnalysis (black line) and 2 order

polynomial (top right) regression analysis (yellowine) of the data. For further explanation see text

232



Figure 7.19 shows the data orthogonally projectedaa S-N (northing) axis, and
Figure 7.20 shows the same data projected on teEa(@ésting) axis. The shoreline is
not a continuous feature, however, but consistthef‘stretches’ labelled A to H in
Figure 7.4, which are composed of closely-spacedetihe fragments that run between
major interruptions in shoreline development causgdfor example, wide gullies or
landslip scars. Each stretch in turn comprises mban of disjunct fragments or
segments (see Figure 7.3) from which random akitudeasurements have been
obtained. The data obtained from each fragment tygieal vertical ranges of 3to 5 m,
which explains the vertical lineation of the dataFigures 7.19 and 7.20: each series of
vertically-aligned data were obtained from an imdiinal fragment of the 260 m
shoreline (for further explanation see section .7Llihear regression of these data
suggests a slight declination towards both thehn@igure 7.19) and to the east (Figure
7.20), while 2% order polynomial plots suggest gentle concaveature of this part of
the shoreline. The problem, however, is that thedues are very small, and although
significance tables/tests suggest them to be sgnif, this could be spurious because of
the very high numbers of data-points included ia tbst. A key matter to resolve,
therefore, is whether these longitudinal trendsraes, given such exceedingly low R
values, and in view of the conclusions of Sissam$ @ornish (1982b) that differential
displacement of crustal blocks in Glen Roy causagnents of the shorelines to be

tilted in different directions.

The main hypothesis to be tested in this componerdf the research project,
therefore, is: that a systematic longitudinal gradent can be detected within
altitudinal data obtained from the surfaces of theParallel Roads of Glen Roy when
a sufficiently large number of measurements have lea generated.The thinking
behind this assumption is that the shorelines naa ibeen deformed by both regional

and local influences. The regional pattern may eonfto a gentle flexure of the Roads
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imposed by wide-scale isostatic adjustment follgvloading and unloading by the
lakes and glacier ice. Superimposed on this regipagtern may be more abrupt
dislocations or deformations caused by localisedt famovements, landslips or other
impacts, while natural variations in rock platforsarface development caused by
ice-push, rock structural and other natural facterg. Matthewset al, 1986; Aarseth
and Fossen, 2004) may complicate matters furthpgirat returned to in section 8.2.4.
In order to test this idea, the full data-baseltfualinal information generated for Glen
Roy will first be analysed at the local or ‘strétslcale, using regression and other
statistical comparative methods (sections 7.7 aByl This will be followed by a test
for any underlying regional-scale trend using trsndace analysis (section 7.9). First,
however, a test of the degree of accuracy of theXWEap altitudinal data was

considered necessary, a matter addressed in theewtion.

7.6 Test of accuracy of NEXTMap altitudinal measuements

The source information supplied with NEXTMap DEMtalauggests that altitudinal
measurements derived direct from the images arjedtb uncertainties of between 0.5
and 1.0 m, which could potentially limit their use establishing coherent and accurate
trends, such as surface gradients, especially wheraumber of measurements is low.
It was therefore important to test for accuracy @necision and this was conducted
using four small experiments. Runways at Heathrowoa, London; near-horizontal
surfaces at Loch Laggan, Scotland; and the sudétiee Alcan hydroelectric scheme
pipes at the northern flanks of Ben Nevis, Scotlandre selected to test how well
measurements could replicate either a known hotd@mr near-horizontal surface or
artificial surfaces with constant inclinations (&ig 7.21). The fourth experiment
compared analyses of the same landscape featutasexb by both instrumental

leveling and NEXTMap measurements.
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Figure 7.21 Location of sites for test the accuracgf NEXTMap altitudinal measurements. Glen
Roy, Loch Laggan and the Alcan hydroelectric schempipes are in NW Scotland while Heathrow
airport is located on the west side of London (A)The detailed locations of test sites in Scotland ar
represented in (B).
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7.6.1  Testing for horizontality: runways at Heathiow airport

Two of the runways at Heathrow were selected faox tbst, runways 27R and 27L, as
depicted on NEXTMap DEM plots (Figure 7.22). Presdnto be horizontal within a
decimeter scale, these two runways lie at altitudes. 23.77 and 23.47 m OD,
respectively, and both extend over c. 3 km in lengkltogether 4998 altitudinal
measurements were obtained from NEXTMap data fese¢htwo surfaces, 2360 from
runway 27R, and 2638 measurements from 27L (Figug3)( the data are also
provided in the CD, Appendix 3.2). The<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>