
Durham Research Online

Deposited in DRO:

17 March 2016

Version of attached �le:

Accepted Version

Peer-review status of attached �le:

Peer-reviewed

Citation for published item:

Bickerdike, H. and Evans, D.J.A. and �O Cofaigh, C. and Stokes, C.R. (2016) 'The glacial geomorphology of
the Loch Lomond Stadial in Britain : a map and geographic information system resource of published
evidence.', Journal of maps., 12 (5). pp. 1178-1186.

Further information on publisher's website:

http://dx.doi.org/10.1080/17445647.2016.1145149

Publisher's copyright statement:

c© 2016 The Author(s). Published by Taylor and Francis. This is an Open Access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.

Additional information:

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for
personal research or study, educational, or not-for-pro�t purposes provided that:

• a full bibliographic reference is made to the original source

• a link is made to the metadata record in DRO

• the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full DRO policy for further details.

Durham University Library, Stockton Road, Durham DH1 3LY, United Kingdom
Tel : +44 (0)191 334 3042 | Fax : +44 (0)191 334 2971

https://dro.dur.ac.uk

https://www.dur.ac.uk
http://dx.doi.org/10.1080/17445647.2016.1145149
http://dro.dur.ac.uk/17936/
https://dro.dur.ac.uk/policies/usepolicy.pdf
https://dro.dur.ac.uk


1 
 

 1 

 2 

 3 

 4 

5 
 6 



2 
 

The glacial geomorphology of the Loch Lomond Stadial in Britain: a map and GIS 7 

resource of published evidence 8 

 9 

Bickerdike, H.L.1*, Evans, D.J.A.1, Ó Cofaigh, C.1 and Stokes, C.R.1 10 

 11 

1 Department of Geography, Durham University, Lower Mountjoy, South Road, Durham, 12 

DH1 3LE, UK. 13 

 14 

 15 

 16 

Hannah L. Bickerdike   h.l.bickerdike@durham.ac.uk 17 

David J.A. Evans   d.j.a.evans@durham.ac.uk 18 

Colm Ó Cofaigh  colm.ocofaigh@durham.ac.uk 19 

Chris R. Stokes  c.r.stokes@durham.ac.uk 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 

 34 

 35 

 36 

 37 

mailto:h.l.bickerdike@durham.ac.uk
mailto:d.j.a.evans@durham.ac.uk
mailto:colm.ocofaigh@durham.ac.uk
mailto:c.r.stokes@durham.ac.uk


3 
 

The glacial geomorphology of the Loch Lomond Stadial in Britain: a map and GIS 38 

resource of published evidence 39 

 40 

The Loch Lomond Stadial was an abrupt period of renewed cooling between 12.9 and 11.7 ka 41 

and has long been associated with the regrowth of glaciers in much of upland Britain. Mapping the 42 

glacial landforms associated with this period has been undertaken for over a century, but in a non-43 

systematic nature and at specific locations. In this paper, glacial geomorphology associated with 44 

the Loch Lomond Stadial in Britain has been compiled from the published literature into a glacial 45 

map and accompanying geographical information system database that is available electronically 46 

as supplementary information. A variety of scales have been used to best represent the evidence 47 

in the database. Map A is at 1:310 000; B, C, D, E, F, J, L, M and O are at 1:175 000; K, N, P are 48 

at 1:100 000 and G, H and I are at 1:50,000. The database contains over 95,000 individual 49 

features, which are organised into thematic layers and each attributed to its original citation. The 50 

evidence includes moraines, drift and boulder limits, drift benches, periglacial trimlines, meltwater 51 

channels, eskers, striations and roches moutonneés, protalus ramparts and ice-dammed lakes. 52 

Creation of this database overcomes the drawbacks posed by the non-systematic  nature of 53 

previous mapping output from studies of Loch Lomond Stadial  glaciation. It is intended to be a 54 

catalyst for future research in this area, with especial significance for regional palaeoglaciological 55 

and palaeoclimatic reconstructions of the Younger Dryas and numerical modelling. 56 

 57 

Keywords: Loch Lomond Stadial; glacial geomorphology; GIS database 58 

 59 

1. Introduction 60 

The glacial history of Britain has attracted the attention of researchers for over a century, 61 

inspiring a large and evolving body of research and published output. However, much of this 62 

research comprises localised case studies which inhibit a more holistic understanding of the 63 

extent and dynamics of regional glaciation styles. A significant step in overcoming this 64 

problem was the BRITICE Project, which created a ‘Glacial Map of Britain’ and geographic 65 

information system (GIS) database of over 20,000 individual features dated to the last (Late 66 
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Devensian) British Ice Sheet (Clark et al., 2004; Evans, Clark, & Mitchell, 2005). This has 67 

facilitated evidence-based reconstructions of the extent and dynamics of the ice sheet 68 

(Clark, Hughes, Greenwood, Jordan, & Sejrup, 2012). Geomorphological evidence dating to 69 

the Loch Lomond Stadial (LLS), however, was excluded from BRITICE. 70 

 71 

The LLS period was characterised by an abrupt return to severe cold conditions following ice 72 

sheet retreat when glaciers regrew, forming most significantly a large ice field running the 73 

length of the Western Highlands (Bennett & Boulton, 1993; Thorp, 1986). This ice field was 74 

the largest of numerous satellite ice fields, ice caps, valley glaciers and cirque/niche glaciers 75 

on several of the western isles and at other upland sites around Britain and Ireland 76 

(Golledge, 2010). The BRITICE database included the limit of the LLS icefield in the Western 77 

Highlands only. This was done primarily to indicate that the area was subjected to renewed 78 

mountain icefield glaciation after ice sheet recession and to explain the consequent absence 79 

of data from this area, and was compiled from relatively few sources (Clark et al., 2004). 80 

 81 

The map presented in this paper is the product of a comprehensive compilation of LLS 82 

features in a GIS database, aimed at improving our understanding of the local and regional 83 

signatures of glaciation style, extent and dynamics during this critical part of the Late 84 

Quaternary. This compilation aims to overcome the fragmented and spatially inconsistent 85 

nature of much of the published LLS research by synthesising it into a single body of 86 

evidence, while retaining the valuable high resolution mapping achieved in localised case 87 

studies. The database facilitates comparison of landform assemblages, and therefore 88 

palaeo-ice dynamics, at scales spanning individual mountain ranges to regional uplands and 89 

local valleys. Although several publications have shown the reconstructed extent of LLS ice 90 

over large areas or between drainage basins (Charlesworth, 1955; Golledge, 2010; 91 

McDougall, 2013) the map and database presented here is the first to collate evidence to 92 

inform reconstructions of the extent of LLS glaciation from the whole region of upland Britain.  93 

 94 
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2. Methods 95 

2.1. Selection of evidence 96 

The BRITICE map and database (Clark et al., 2004) was used as a template for informing 97 

decisions regarding what evidence should be included/excluded and how this should be 98 

organised. Evidence within the database originates from academic journal articles, field 99 

guides and theses. Cross-referencing between sources was used to identify relevant papers 100 

and Ph.D. theses, rather than searching through all journals or institutions. No work from 101 

below Ph.D. level has been included, in order to ensure that sources are accessible to other 102 

researchers. Although the number of publications covered is extensive (more than 200), it is 103 

expected that some sources will have been overlooked. The census date for data inclusion 104 

in this project is June, 2014 but the intention is that the database can be updated as future 105 

research becomes available. 106 

 107 

The geomorphological evidence has been organised into a series of layers, each containing 108 

a different landform type, similar to the BRITICE project (Clark et al., 2004).  These include 109 

moraines (individual moraine mounds and ridges, fluted moraines and areas of hummocky 110 

moraine), drift and boulder limits, drift benches, meltwater channels, eskers, periglacial 111 

trimlines, striations and roches moutonneés, protalus ramparts. Major ice-dammed lakes 112 

associated with LLS glaciers are also mapped. In some cases (e.g. in glens Doe, Gloy, 113 

Spean and Roy), the authors report the extent of the lakes at multiple stages during the LLS, 114 

but in most publications the lakes have only been reported as dammed by LLS glaciers at 115 

their maximum extent ( for example MacLeod et al., 2011; Benn and Ballantyne, 2005). 116 

 117 

 Some evidence could not be easily presented in map form, for example sedimentological 118 

characteristics, whilst some landform types either had not been mapped systematically 119 

throughout the literature (glacial outwash) or just replicated the information derived from 120 

more commonly mapped features. It was concluded that including the distribution of 121 

glacigenic deposits would largely replicate the Quaternary Map of the United Kingdom (IGS, 122 
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1977) and thus this has not been attempted. Although most LLS glaciers terminated 123 

onshore, some extended beyond the current coastline into particular sea lochs along the 124 

western coast of Scotland. Where moraines have been mapped from bathymetric surveys of 125 

these sites and have been attributed to the LLS, these have been included in the database 126 

(Boulton, Chroston, & Jarvis, 1981; Dix & Duck, 2000; McIntyre, Howe, & Bradwell, 2011). 127 

 128 

Some differences in approach between this study and the BRITICE database have been 129 

necessary. Striations were not included in the BRITICE mapping because it was argued that 130 

these are not reliable indicators of ice flow and the volume of data made the task unrealistic 131 

(Clark et al., 2004). However, differential striation directions have been instrumental in 132 

reconstructing the extent of LLS glaciers in several locations, sometimes being amongst the 133 

most important landform evidence available, for example at Loch Coruisk, Isle of Skye 134 

(Ballantyne, 1989). It was, therefore, deemed necessary to include striations from the source 135 

maps to show how such reconstructions have been derived. Similarly, hummocky moraine 136 

was excluded from the BRITICE mapping due to inconsistencies within the literature 137 

regarding the definition and genesis of this landform (Clark et al., 2004). Given that this 138 

landform type was once interpreted as diagnostic of a LLS age and has been central to 139 

several reconstructions of LLS glaciers (Sissons, 1972, 1974; Sissons & Grant, 1972), it was 140 

deemed important to include it here. Protalus or pronival ramparts are also included as some 141 

of these features have previously been linked to a glacial origin and, indeed, debate 142 

continues about the glacial versus periglacial origin of such landforms in many areas (Carr, 143 

Coleman, Evans, Porter, & Rea, 2007; Shakesby, 2007). 144 

 145 

2.2. Map formatting and georeferencing 146 

The reliability of the database is largely dependent on the quality of the original maps from 147 

which it is built. Consequently, selection and inputting of appropriate maps has been crucial. 148 

Where multiple maps covered the same area, preference has usually been given to the most 149 

comprehensive and/or highest resolution map, unless its findings have been refuted in 150 
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subsequent literature. Some areas, therefore, show specific sites of fine detailed mapping, 151 

within a region of more generalised coverage.  152 

 153 

The procedure to add data to the map is outlined in Figure 1. Geomorphological maps from 154 

papers (e.g. Figure 2) were scanned and stored as raster graphics files (.tiffs). These were 155 

added as layers into ArcMap over a hillshade model derived from a 5 m resolution 156 

NEXTMap digital surface model (DSM). The maps were then georeferenced to the OS 157 

British National Grid system. Where maps had pre-existing gridlines or tick marks that could 158 

be used to create an overlying grid using Adobe Photoshop, this was a straightforward task 159 

as the coordinates of ground control points (GCPs) on the grid are known and can be 160 

inputted directly, and accurately, into ArcMap (Clark, 1997). These points were distributed 161 

evenly across the map, particularly around the edges, to reduce distortion. Usually, a 162 

minimum of 8 points were used, although this was not always possible for maps of limited 163 

coverage. 164 

 165 

When maps did not provide such information, a different approach was required. OS maps 166 

(courtesy of Edina Digimap) were georeferenced and used to provide GCPs by matching 167 

prominent features on the OS map with the corresponding features on the geomorphological 168 

map. Features for GCPs were selected carefully, ideally with roads and buildings being used 169 

in preference to rivers, coastlines or water bodies, which might have changed position since 170 

the original mapping. However, the remote nature of many of the study locations often 171 

precluded use of anthropogenic features, leaving little choice for GCP selection. Our aim 172 

was to achieve RMS errors of 20 m or less but this was not always possible, particularly for 173 

older maps. Although great efforts were made to include all maps, wherever possible, some 174 

had to be excluded because they either did not contain sufficient information for their 175 

location to be derived, or they were at too coarse a scale to be useful. In total, some 216 176 

individual geomorphological maps from 71 separate sources were found to be suitable. 177 

 178 
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2.3. Digitisation of layers 179 

Once maps had been georeferenced in ArcMap, landforms were digitised as either lines or 180 

polygons into a series of layers organised by landform type, and saved as shapefiles (Figure 181 

3). For the vast majority of evidence, this involved manual on-screen digitising of landforms. 182 

As the database is scale-independent, features were digitised at the maximum resolution of 183 

the source maps.  184 

 185 

Where other researchers had produced shapefiles of geomorphology as part of their original 186 

mapping, this data was often provided by the authors for input into the database, and copied 187 

directly into the thematic layers. Other data were provided as unreferenced digital data (e.g. 188 

.tiff), which was then georeferenced and converted into shapefiles. Whilst the individual 189 

features are slightly pixelated and occasionally coalesced, this proved a very efficient way to 190 

rapidly ingest thousands of features from previous work into the GIS (Lukas & Lukas, 2006a, 191 

2006b). 192 

 193 

As the accuracy of the database relies largely on the quality of the original maps, it is 194 

important that features can be traced back to their source. As such, the citation for each 195 

feature is included in its attribute table. This allows other researchers to examine the 196 

assumptions and justifications made by the original authors, and directly facilitates a closer 197 

examination of the existing literature. A full list of the references included in the map is 198 

available as supplementary material. 199 

 200 

Hill-shaded renditions of the NEXTMap DSM were used to check the mapping and to 201 

provide topographic context for the geomorphology. This was useful for checking the quality 202 

of georeferencing and for identifying the correct position of landforms where original maps 203 

differed. However, the relatively small scale of LLS landforms is often below the 5 m 204 

resolution of the NEXTMap and so only larger features, such as end moraines or meltwater 205 

channels, were checked in this way. As the focus of this project was to compile the existing 206 
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evidence rather than re-map it, alterations (either redrawing or repositioning of landforms) 207 

have only been made in a limited number of cases where features were clearly incorrectly 208 

placed (for example where features which are clearly identifiable on the hill-shaded DSM are 209 

offset from their positions on the original maps). These alterations have been noted in the 210 

feature’s attribute data. 211 

 212 

In several cases, landforms originally attributed to ice limits that pre-date the LLS are also 213 

included in the original maps (Ballantyne, 2007; Benn, 1990; Finlayson, Golledge, Bradwell, 214 

& Fabel, 2011). In such cases, only features within or intersecting the authors’ proposed 215 

glacier limits were included in the database. This approach relies heavily on the accuracy of 216 

the original glacial reconstructions to determine the age of the landforms which in some 217 

areas are speculative, often as a result of the paucity of absolute dates (Lukas, 2006). 218 

However, such restrictions were important to ensure that the LLS remained the focus of the 219 

project. Furthermore, as the Late Devensian Ice Sheet had previously overridden the areas 220 

later occupied by the LLS glaciers, it is possible that some locations within these limits may 221 

comprise palimpsest assemblages of younger landforms overlying older ones. Thus 222 

inclusion in this GIS does not necessarily mean that features were formed during the LLS 223 

but that they lay within the glacial limits and may have either survived beneath, or were 224 

modified by, the LLS ice. 225 

 226 

A practical problem encountered during digitisation was reconciling the differing scales and 227 

styles of mapping from the literature into one map. Maps range from coarse resolution 228 

sketches to highly detailed maps of individual sites of particular interest. Features which are 229 

classified as belonging to the same landform type are often represented differently between 230 

papers. The most widely reported LLS features were moraines, but numerous approaches to 231 

mapping these features have been adopted (Figure 3). Some researchers represent the 232 

shape and distribution of individual moraine mounds as polygons, whilst others record only 233 

ridge crests as line features or just general areas of ‘hummocky moraine’. These different 234 
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styles of mapping cannot be reconciled within a single layer in ArcMap, and so are split into 235 

separate layers accordingly (‘Moraines(detail)’, ‘Moraine_Ridges’ and 236 

‘Moraine_Hummocky_Area’). Generally, in areas where mapping of individual features 237 

overlapped areas of general ‘hummocky moraine’, only the detailed features were digitised 238 

to prevent the database becoming too cluttered. However, in instances where subsequent 239 

mapping shows an absence of features in locations where earlier publications reported 240 

evidence to be present, the older data has been retained around the newer evidence unless 241 

the presence of features is explicitly refuted in the latter paper or by the underlying 242 

NEXTMap data. Similar considerations were necessary where authors use different 243 

terminology. Some areas originally mapped as ‘hummocky drift’ have been included in the 244 

‘Moraine_Hummocky_Area’ layer when either more detailed mapping or the authors’ 245 

descriptions indicated that moraines were found at the same location. 246 

 247 

Striations and roches moutonneés have been combined into a single layer because some 248 

papers (Ballantyne, 2006, 2007) represented these features with the same symbol, making it 249 

impossible to separate them into different layers. Similarly, the ‘Drift_Limits’ layer contains 250 

some features that were classified as ‘Drift and/or boulder limits’ in the original mapping, c.f. 251 

Bendle and Glasser (2012). Although layers were informed by the most common way of 252 

representing features, inconsistencies arose very occasionally and, in order to prevent an 253 

impractical number of layers being created, features were redrawn to fit (for example 254 

polygon eskers were redrawn as lines). 255 

 256 

2.4. Limitations 257 

When synthesising over a century of research, gathered in an unsystematic way by a large 258 

number of researchers, a major consideration is the consistency and quality of the data 259 

collected. The original geomorphological maps were created using a variety of techniques 260 

(remote sensing, fieldwork or a combination of both) and, given the often subjective nature of 261 

landform identification, are based on the interpretations of individual workers. Furthermore, 262 
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advances in glaciological theory since publication of the original research may mean that 263 

some evidence is based on outdated ideas. 264 

 265 

Secondly, it is conceivable, if not likely, that these LLS maximum extents were not reached 266 

synchronously (Ballantyne, 2012; Golledge, Hubbard, & Sugden, 2008). It is also possible 267 

that some features that were not formed by LLS glaciers may have been erroneously 268 

included. There is a relative scarcity of absolute dates on glacial landforms from the LLS in 269 

Britain and, consequently, some features that predate the LLS may have been included in 270 

this database if they were interpreted as LLS in age in the original study. Similarly, even 271 

when moraines have been inferred to predate the LLS, usually based on their more subdued 272 

appearance and greater size, the lack of absolute dates on these landforms means a LLS 273 

age cannot be ruled out. The glacial origin of some features has also been questioned, 274 

especially where moraines may appear similar in morphology to protalus ramparts or 275 

landslide blocks (Shakesby & Matthews, 1996). In cases of both uncertain age and genesis, 276 

this project assumes a LLS origin, especially if location appears consistent with the 277 

maximum extent of LLS glaciation, unless subsequent literature strongly refuted such an 278 

interpretation. Where these decisions have been made, this is indicated in the attribute data. 279 

 280 

 281 

3. Discussion and implications 282 

An initial inspection of the map (Figure 4) clearly shows the variable quality and unequal 283 

distribution of the source mapping. Some locations, for example, the Isle of Skye, have been 284 

extensively studied (Ballantyne, 1989; Benn, 1992; Small et al., 2012) whilst others, 285 

including the Southwest Scottish Highlands, have not been mapped to the same level of 286 

rigour and detail. Hence, this project identifies areas where further detailed study is required, 287 

guiding site selection for future research. It is hoped that this map and database will be the 288 

catalyst for the development of a complete coverage of mapping for all the former LLS 289 
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glaciers in the British Isles, thereby facilitating a more holistic reconstruction of 290 

palaeoglaciology and palaeoclimate for the Younger Dryas in the region. 291 

 292 

In some areas, there has been a general shift in our understanding of LLS glacier extent in 293 

that a more extensive ice cover has been recently proposed (Brown, Evans, & Evans, 2011; 294 

Brown, Evans, Vieli, & Evans, 2013; Lukas & Bradwell, 2010; McDougall, 2013). The 295 

proposed limits of the Western Highland ice field in Scotland have been refined, but are not 296 

too dissimilar to early reconstructions (Sissons, 1967) and are supported by the results of 297 

numerical modelling (Golledge et al., 2008). However, at some locations, including both 298 

Sutherland in northwest Scotland and the English Lake District, more detailed remapping of 299 

geomorphology and an improved understanding of glaciological theory has been employed 300 

to show that plateau ice fields nourished extensive valley and cirque glacier systems (Brown 301 

et al., 2011; Brown et al., 2013; Lukas & Bradwell, 2010; Lukas & Lukas, 2006a; McDougall, 302 

2001, 2013; Rea, Whalley, Evans, Gordon, & McDougall, 1998), thereby replacing earlier 303 

notions of more restricted, alpine styles of glaciation (Sissons, 1977, 1980). 304 

 305 

Different landform assemblages appear to dominate different locations on the map, although 306 

some of this variation does result from diverse mapping styles in the literature. Much of the 307 

areas covered by the main mountain icefields are occupied by widespread ‘hummocky 308 

moraine’. The moraines are sometimes organised into linear ridges, representing 309 

recessional moraines, or form a chaotic sea of mounds. These recessional moraines mark 310 

the retreat of the glaciers back to their source, for example in the Uig on the Isle of Lewis 311 

(Ballantyne, 2006). Elsewhere, such as Srath Mor and the upper Loch Ainort basin on the 312 

Isle of Skye, they appear to show that an earlier period of oscillatory retreat was followed by 313 

in situ stagnation of the ice (Benn, Lowe, & Walker, 1992). In the Central Scottish Highlands, 314 

a rather different landform assemblage is apparent. The extensive plateau areas of the 315 

Gaick and Monadhliath show impressive sequences of meltwater channels, suggesting the 316 
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significant role of meltwater drainage in the behaviour of these ice masses (Boston, 2012; 317 

Sissons, 1974). 318 

 319 

Across Britain, but particularly at sites where environmental conditions were only marginally 320 

suitable for glacier development, the importance of glacier aspect is crucial. There is a clear 321 

predominance of glaciers with northerly to easterly aspects (Bendle & Glasser, 2012; 322 

Shakesby, 2007), which offer protection from insolation and are sites with a higher potential 323 

to receive nourishment of windblown snow from the west. This is particularly the case when 324 

plateau or upland areas are found immediately southwest of the glacier, in the direction of 325 

the predominant winds. At such locations, confidently identifying whether glaciers or 326 

snowbeds occupied certain locations has often challenged researchers (Carr & Coleman, 327 

2007; Shakesby & Matthews, 1993). The similarity in morphology between end moraines 328 

and protalus ramparts has required the use of other methods, such as glaciological 329 

modelling or sedimentological investigations, to differentiate between the two landform types 330 

(Carr, 2001; Shakesby & Matthews, 1993). 331 

 332 

There are a number of ways in which the outputs from this project can be used. An obvious 333 

step is the compilation of a systematic evidence-based reconstruction of the LLS ice 334 

masses. Although reconstructions of LLS ice extent in specific locations are common in the 335 

literature, this project aids comparison of the ice extent at larger scales, helping to identify 336 

trends in the distribution of ice. Furthermore, there is the potential to fine tune pre-existing 337 

reconstructions in areas that might have subsequently been re-mapped. The addition of 338 

absolute dates from the literature to this database will enable a more detailed understanding 339 

of the retreat dynamics of LLS ice. Although numerical modelling has previously been 340 

undertaken to determine the extent of LLS ice (Golledge et al., 2008), the outputs of this 341 

project provide a landform record which has the potential to aid in developing models to 342 

more accurately reconstruct glacier dynamics. 343 

 344 
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 345 

4. Conclusions 346 

 This paper has compiled the glacial geomorphological evidence of LLS glaciation in 347 

Britain from the published literature into a GIS database that contains over 89,000 348 

individual features. 349 

 Where possible, original maps were collected and georeferenced into ArcMap and 350 

the evidence from these was digitised into a series of layers relating to landform type. 351 

Although great efforts were made to include all evidence, some maps did not provide 352 

sufficient geographic information to allow georeferencing and had to be excluded. 353 

Similarly, it is possible that some sources have been overlooked during investigation 354 

of the literature. 355 

 As the accuracy of the database relies heavily on that of the original publications, the 356 

source of each feature is included in its attribute data in the GIS.  357 

 By overcoming the non-systematic nature of compilation of the evidence for LLS 358 

glaciation, it is hoped that this map and GIS database will form the catalyst for a 359 

range of potential investigations concerning the extent, retreat patterns and dynamics 360 

of LLS ice masses in Britain. 361 

 362 

Software 363 

Geomorphological maps were georeferenced and landforms were digitised in ESRI ArcGIS. 364 

Grids were added to some maps in Adobe Photoshop and the final map was produced in 365 

Adobe Illustrator. 366 

 367 

 368 

 369 

 370 
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Data 371 

The geomorphology shapefiles created for this project are designed to be used in ArcMap. 372 

The files will be released as supplementary material alongside this paper at the time of 373 

publication. 374 

 375 
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Map Design 383 

The map is designed to be printed at A0 scale. The DEM has been used as a base map to 384 

provide topographic context to the landforms presented. The symbols used to represent 385 

landforms have been chosen, wherever possible, to be comparable with the same type of 386 

feature in the BRITICE mapping which inspired this project. 387 
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Figure 1. Flow chart showing the stages in GIS and map production. 604 
 605 

Figure 2. Examples of geomorphological maps used in the database a) the area around 606 

Ceartaval, Northern Harris (reprinted from Quaternary Science Reviews, 26(25-28) 607 

Ballantyne (2007) Loch Lomond Stadial glaciers in North Harris, Outer Hebrides, North-West 608 

Scotland: glacier reconstruction and palaeoclimatic implications., 3134-3149, Copyright 609 

(2007) with permission from Elsevier. b) the Bizzle Cirque, Cheviot Hills (Reprinted from 610 

Geografiska Annaler, Series A, 88(3),(Harrison, Anderson, & Patel, 2006). The eastern 611 

margin of glaciation in the British Isles during the Younger Dryas: The Bizzle Cirque, 612 

southern Scotland., 199-207, Copyright (2006) with permission from Elsevier. 613 

 614 

Figure 3. Examples of mapping from the GIS database showing a) meltwater channels, Allt 615 

Gharbh Ghaig, Gaick,  (after Sissons, 1974); b) moraines, flutings and areas of hummocky 616 

moraine, Glen Sligachan, Isle of Skye (after Benn et al., 1992); c) moraine ridges and 617 

discontinuous moraines, Strath Lungard and Glen Grudie, Wester Ross ( Bennett, 1991; 618 

Bennett & Boulton, 1993; McCormack, 2011). Legend has been modified slightly to aid 619 

identification of landforms. Underlying hill-shaded images were derived from NEXTMap DSM 620 

from Intermap Technologies Inc. provided by the NERC Earth Observation Data Centre. 621 

 622 

Figure 4. Examples of the variable quality and unequal distribution of geomorphological 623 

mapping a) the contrast between the detailed mapping of the Loch Lomond area in 624 

comparison to the surrounding Southwest Scottish Highlands (after Sutherland, 1981; Rose, 625 

1980, 1981; Rose and Smith, 2008). LLS ice extent adapted from Thompson (1972), 626 

Sutherland (1981) and Clark et al. (2004). b) extensive and highly detailed mapping of the 627 

Isle of Skye (after Ballantyne, 1989; Benn, 1990, 1992, 1993; Benn et al., 1992; Dix and 628 

Duck, 2000). LLS ice extent adapted from Benn et al. (1992). GB Digital Elevation Model 629 

from ShareGeo, available at www.sharegeo.ac.uk/handle/10672/5. Original dataset from 630 

NASA. UK outline reproduced from Ordnance Survey map data © Crown Copyright and 631 

Database Right 2014. Ordnance Survey (Digimap Licence). 632 
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