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ABSTRACT 
 

 

The last Irish Ice Sheet has a long history of investigation, but its characteristics and 

behaviour remain elusive. A comprehensive reconstruction of the last Irish Ice Sheet of NW 

Donegal is presented in this thesis. It incorporates the evidence-based approach whereby the 

character and distribution of glacial deposits and landforms in the study area have been used 

to interpret the nature and behaviour of the ice sheet that created them. 

 

A glacial landform mapping programme, conducted from satellite imagery, digital elevation 

models, aerial photographs and field mapping has yielded a series of new glacial maps for 

NW Donegal. These show that a variety of subenvironments coexisted beneath the ice sheet, 

from areal scour in the Rosses to selective linear erosion in the Derryveagh Mountains to 

deposition along the Northern Coastline. A flowset approach was adopted where the 

landform data were summarised with spatial, temporal and glaciodynamic information 

extracted. The glacial sediments of NW Donegal, subdivided into four physiographic zones, 

were comprehensively described, analysed and interpreted based on the results of an 

extensive field investigation incorporating electrical resistivity surveying and clay 

mineralogy analysis. 

 

A four phase reconstruction is proposed: Phase I involves flow from a dominant dispersal 

centre in the Bluestack Mountains, from which ice moved northwards and northwestwards, 

undeflected by topographic relief, to some distance offshore; Phase II is dominated by 

bedform migration and reorganisation driven by funnelled flow and increased ice flux into 

the opened sea loughs of Mulroy Bay and Lough Swilly; Phase III is characterised by a 

strong topographical control on ice flow, resulting in the fragmentation of the ice sheet into a 

number of separate and semi-independent ice lobes and valley glaciers. Substantial glacial 

lakes formed in the interlobate areas as the ice margins uncoupled with periods of ice margin 

stabilisation demarcated by small discontinuous ice-contact moraines; and Phase IV involves 

the ice downwasting with thin dead ice aprons developing hummocky, chaotic, drowned 

kettle-hole terrain now characteristic of the study area. 

 

A first attempt in Ireland to apply a combination of terrestrial Cosmogenic Nuclide Surface 

Exposure dating (
10

Be) and Schmidt Hammer relative-age dating is also presented in this 

thesis and is used to constrain the timing of ice sheet activity in NW Donegal. 
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1.  Chapter 1. INTRODUCTION 

 

1.1. Research Rationale 

 

In the context of future climate change, there is a need to understand the sensitivity 

of the Earth System to different scales of forcings during glacials. As responses are 

not easily extrapolated from current observations, the geological record can provide 

an insight into the behaviour of different components of the Earth System (Bondre et 

al., 2012). In this respect, past glaciations can be thought of as a series of natural 

experiments in which glacial responses to, and effect on, climate patterns as well as 

atmospheric and ocean circulation, crustal depression and rebound, and sea level 

change can be considered. Reconstructing past ice sheet activity provides the raw 

ingredients for evaluating and validating simulated ice sheet models, that link past 

change to projections for the future, all the time improving our ability to predict 

response times for current glaciers. What we learn from past ice sheet activity will 

enlighten us on how we should adapt for the future. 

 

The motivation for deciphering the geomorphic and sedimentary record of the last 

Irish Ice Sheet in NW Donegal is twofold. Firstly, Ireland has its own distinctive 

glaciological footprint. This results from what is an unusual physical configuration, 

with a mountainous perimeter of hard ancient rocks and a relatively soft, low-lying 

interior. This combined with Ireland's position in the path of eastward moving 

climate systems during the Quaternary (McCabe, 2008) provides a varied glacial 

mosaic to the island, offering a comprehensive testing ground for ideas on large scale 

patterns of glacier development, as well as climate-related events on both 

hemispheric and global scales (Clark et al., 2004).  

 

NW Donegal is geographically located on the fringes of the North Atlantic and is 

sited in the most marginal sector of the last composite ice sheet which covered the 

British Isles (McCabe, 1995). It occupies a critical zone for understanding the 
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interaction between ice-ocean-atmosphere and the forcing/response relationships 

between the different components of this system as expressed in the geological 

record. 

 

In recent times, outdated models of a single Irish Ice Sheet configuration whereby 

ice extended onto the continental shelf at the Last Glacial Maximum, followed by 

monolithic ice sheet retreat back to major centres of ice sheet dispersal has been 

replaced by a new paradigm of a mobile and dynamic Irish Ice Sheet (McCabe, 

2008). This paradigm shift requires us to either modify or discard earlier 

reconstructions. New palaeo-glaciological models must now capture the highly 

dynamic nature of the ice sheet yielding information on the position of ice divides, 

ice sheet extent, ice flow patterns and dynamics, ice decay configurations, and most 

importantly, document and attempt to explain the changes in each of these elements 

through the ice sheet’s evolution (Clark et al., 2006). Successfully deciphering the 

geomorphic and sedimentary record of the last Irish Ice Sheet in NW Donegal will 

document such ice sheet behaviour and will contribute to improving our 

understanding of the most important geomorphic agent that shaped the Irish 

landscape. This research will also present key data for ice sheet modellers in an 

effort to improve our ability to model accurately both the key processes and the 

cause-effect relationships which drive glacier response to climate change. 

 

 

1.2. Research Hypotheses and Aims 

 

Research Hypothesis (1) is that the Quaternary deposits of NW Donegal reflect an 

ice marginal environment recording multiple-phase retreat punctuated by oscillations 

of a lobate Irish Ice Sheet during deglaciation. 

 

New multibeam swath bathymetry data collected offshore provide critical 

information on the character and thickness of the glacial sediments on the sea floor 

off the north Donegal coastline. The data indicate that the Irish Ice Sheet underwent 

a major reorganisation during deglaciation, changing from a ‘line-source’ type 

margin which extended along the Malin Shelf edge to a more lobate form (Ó Cofaigh 
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et al., 2010). Combining this with the terrestrial record of ice sheet retreat across 

NW Donegal will link the offshore records to onshore glacial activity. This will offer 

important insights towards understanding the processes of deglaciation. Such 

information will help to constrain future predictive models of ice sheet trajectory and 

estimations on the rates of sea-level change (Bentley et al., 2010), while addressing 

important aspects of ice sheet-ocean-atmosphere interaction (Clark, 2009). 

 

Research Aims are: 

(i) to systematically map the glacial geomorphology of NW Donegal. 

(ii) to classify the glacial deposits of the study area. 

(iii) to produce, given the above, a palaeo-glaciological reconstruction of the ice 

sheet for NW Donegal that best fits the evidence. 

(iv) to integrate the research data into the wider context of Irish Ice Sheet evolution 

so as to elucidate ice sheet behaviour and configuration changes. 

 

Research Hypothesis (2) is, as the ice sheet receded and thinned, the mountains of 

NW Donegal rose above the decaying ice sheet, accompanied by changing thermal 

regimes from predominantly wet-based through to passive and possibly partly 

frozen. This suggests that the ice sheet in NW Donegal had several dynamic modes 

and that it could switch between these modes largely as a response to changes in 

mass balance. 

 

The juxtaposition of tors and glacigenic sediment on the mountain slopes of 

Cronalaght provides information concerning past ice sheet thermal regimes in NW 

Donegal. Prolonged negative-mass balance conditions would cause the Irish Ice 

Sheet to recede and to thin. Summer air temperatures would become increasingly 

important in ablation, and the influence of geothermal heat and frictional heat would 

decline accordingly, resulting in a migration of the thermal boundary up-glacier as 

the ice sheet thinned (Glasser and Hambrey, 2001). The contraction of the warm-

based thermal zone, and possibly its ultimate disappearance, would be replaced by 

polythermal or frozen bed conditions reflected in the style of sedimentation and the 

preservation of tors on the mountain slopes of Cronalaght. 
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Various authors have suggested passive cold-based ice preserves summits and 

interfluves (Kleman, 1994; Whalley et al., 2004; Rea and Whalley, 1996) or that ice 

can be too thin and too slow to erode much (Nesje et al., 1987). Either, or both 

effects would allow preservation of the tors on Cronalaght Mountain. The 

incorporation of a geophysical survey will measure the thickness of till and display 

some textural characteristics of the glacigenic sediments on the mountain slopes, 

allowing inferences to be made on the behaviour of the ice sheet and the architecture 

of the glacial landscape (van der Meer et al., 2003). 

 

Research Aim is: 

(v) to investigate the style of sedimentation on Cronalaght Mountain as a means of 

assessing ice sheet dynamics and thermal regimes. 

 

Research Hypothesis (3) is that a multi-proxy approach for age estimation allows the 

position of a retreating ice margin to be mapped through deglaciation, thus 

constraining the rate of retreat of the ice sheet in NW Donegal. 

 

With a lack of datable organic material in the study area and the presence of large 

quantities of erratic boulders strewn across the landscape, Terrestrial Cosmogenic 

Nuclide Dating (TCND) is an ideal dating mechanism for providing a deglacial 

chronology for NW Donegal. However, the high cost of TCND prevents the analysis 

of a large number of samples. Therefore, a multi-proxy approach for reliable age 

estimation is undertaken. The destruction-free and in situ nature of Schmidt hammer 

analysis with its light weight and portability (Winkler et al., 2003) results in the first 

attempt in Ireland to combine TCND (
10

Be) and Schmidt hammer relative-age dating 

for the reconstruction of the deglacial history of NW Donegal. 

 

Research Aim is: 

(vi) to provide geochronological data using a combination of Schmidt hammer ‘R-

values’ and a Terrestrial Cosmogenic Nuclide date to constrain the deglacial model 

for NW Donegal. 
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1.3. Thesis Structure 

 

This thesis is divided into four sections: 

 

Introductory material is outlined in Chapters 1 and 2. Chapter 1 contains a brief 

overview of the motivations behind the research. The research project is framed in 

Chapter 2 against both the physical background of the study area and the previous 

research conducted on the last Irish Ice Sheet in Donegal. Outstanding questions and 

debates which remain unanswered are examined.  

 

A description of the methods employed in reconstructing the ice sheet for the study 

area is outlined in Chapter 3.  

 

The results of the mapping programme are contained in Chapter 4 while in Chapter 

5 flowset construction is outlined. 

 

In the following four chapters (6-9), the glacial deposits of the study area are 

classified according to the glacial processes that once operated in the four main 

physiographic regions of NW Donegal. The Gweedore region is the focus of Chapter 

6; the Lough Neill Valley and surrounding areas is looked at in Chapter 7; the 

Glasagh lowlands and areas adjoining Bloody Foreland are outlined in Chapter 8 

while the Northern Coastline is the focus of Chapter 9. 

 

The geochronological control for the ice sheet reconstruction is provided in Chapter 

10. This chapter outlines the results from the dating programme and discusses the 

chronological interpretation of that information. 

 

An ice sheet model, reconstructed from the mapped and compiled sedimentological 

data is presented in Chapter 11. The chronological data are then combined to 

substantiate and augment the constructed ice sheet models for NW Donegal. 

 

In Chapter 12, key methodological considerations are outlined while the ice sheet 

reconstruction is evaluated with regards to its compatibility with existing regional 
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and national ice sheet models with areas that could benefit from future study 

summarised. The thesis closes with the key outcomes of the research relayed as a 

'take-home message'. 



 

7 

2. Chapter 2. THE IRISH ICE SHEET 

IN NW DONEGAL: A REVIEW  

 

2.1. Introduction  

 

Having established the research rationale in the previous chapter, the study area and 

the existing scientific discourse concerning: i) approaches to ice sheet reconstruction 

and ii) the status of knowledge of the last Irish Ice Sheet for the study area are 

introduced in this chapter. 

 

The Quaternary Period is the most recent period of geological time and it is generally 

taken to cover, approximately, the last 2.6 million years (Gibbard and Cohen, 2009). 

It is subdivided into two epochs: the Pleistocene (2.6 million to 10,000 years ago) 

and the Holocene (10,000 years ago to the present). The Pleistocene comprises an 

early, middle and late stage. It was during the late stage that most of the surficial 

sediments in Ireland were deposited. The Holocene, in Ireland, is the postglacial 

period. Most sediments in Ireland owe their genesis in one way or another to the 

action or melting of ice (Coxon and Brown, 1989). The glaciations of Ireland have 

traditionally been named in the literature as Midlandian (younger) and Munsterian 

(older) (Coxon, 1993; Mitchell et al., 1973). The Last Glacial Maximum (LGM) is 

conventionally defined as the most recent interval in Earth's history when global ice 

sheets reached their maximum integrated volume (Clark et al., 2009) and eustatic sea 

level was at a minimum (Ballantyne, 2010). Based on recent research on sea-level 

lowstand, the LGM commenced at ca. 26 ka and persisted until ca. 21 ka, when sea 

levels began to rise as a result of reduction in global ice volume (Peltier and 

Fairbanks, 2006). 

 

The last Irish Ice Sheet was small in size (<0.5 m sea-level equivalent, or <7% of the 

modern Greenland Ice Sheet) (Clark et al., 2012) and was composite in nature i.e. it 
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was built from different centres or domes of ice dispersion, separated by shallow 

saddles (McCabe and Dunlop, 2006) from which ice flowed and coalesced. During 

the LGM, the ice sheet is believed to have been laterally extensive over much of 

Ireland and extended out onto the adjacent shelf region (e.g. Evans et al., 1980; 

Warren, 1992; McCabe, 1995; Clark and Meehan, 2001; Sejrup et al., 2005). In 

terms of ice thickness, the ice sheet in the southwest of Ireland (Macgillycuddy’s 

Reeks) is believed to be ~370 m thick inferred from trimline evidence (Rae et al., 

2004) whilst in the east (Wicklow Mountains), similar evidence suggests that only 

peaks above ~725 m remained ice-free at the LGM (Ballantyne et al., 2006). In the 

north of Ireland, ice is believed to have reached a thickness of at least 750 m (after 

terrain correction) (Clark and Meehan, 2001; McCabe, 1997). The Irish Ice Sheet 

differed from its neighbouring British and Scandinavian Ice Sheets on the basis that 

it was not dominated by persistent areal and linear erosion patterns, over deepened 

glacial troughs, rock basins and breached cols that are typical of mid-latitude 

glaciated continental margins. Instead, ice accumulation areas are characterised by 

thick subglacial basal tills incorporating one of the largest areas of continuous ribbed 

moraines in the world (McCabe, 2008). The causes of these general differences 

relate to climatic differences (Ireland's proximity to moisture from the Atlantic 

Ocean along the western seaboard) and physiography (Ireland's extensive lowland 

glaciokarstic basins). 

 

 

2.2. The Study Area 

 

The area studied occupies 1240 km
2 

in NW Donegal, Ireland (Figure 2.1). It is 

delineated by Errigal to the east, the Derryveagh Mountains to the south and Bloody 

Foreland to the north. A 20 km stretch of coastline from Gort a Hork in the east to 

Bunbeg in the west fringes the study area. Glacigenic deposits occur mainly between 

present sea level and ~250 m above sea level (a.s.l). Exposures are located 

predominantly along the coastline, along river valleys, in commercial excavations 

and illegal landfill sites. 
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Figure 2.1 General topographic sketch of NW Donegal with boundaries of the study area displayed. 

 

2.3. The Geomorphology 

 

The study area comprises four main physiographic regions, namely, the Gweedore 

Area, Lough Neill Valley, Glasagh Lowlands and the Northern Coastline (Figure 

2.2). The Gweedore Area, located in southeast of the study area, comprises 

Tievealehid, Cronalaght and Carntrenna Mountains with heights of 429 m, 395 m 

and 425 m a.s.l. respectively. These quartzite bedrock mountains have a smooth and 

rounded appearance and contain a thin cover of glacial sediment. Lough Nacung 

Valley separates Cronalaght and the Derryveagh Mountains, the Cromore River 

Valley separates Cronalaght and Carntrenna while the Lough Neill Valley containing 

the Corveen River separates Cronalaght and Tievealehid Mountain. The Glasagh 
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Lowlands are situated between Tievealehid Mountain and Bloody Foreland in the 

northwest. This region is flat-lying to gently undulating (100-150 m a.s.l.) and 

 

 

Figure 2.2 Topographic map of NW Donegal showing the four physiographic regions of the study 

area. Sourced from: Ordnance Survey of Ireland, Discovery Series, Sheet No.1. 
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sustains numerous lakes, namely, Lough Tirrim, Nagrennan and Lagha. The 

Corveen, Glen, Yellow and Owenawillin rivers collectively drain the greatest portion 

of these lowlands. Bloody Foreland is the lowest of all the quartzite peaks in the 

study area at 314 m a.s.l. This upland topography generally trends in a northeast to 

southwest direction. 

 

 

2.4. General Bedrock Geology 

 

Lithological variations in the underlying geology of NW Donegal give rise to very 

different topographical expressions. 

 

The upland areas (Bloody Foreland, Tievealehid, Cronalaght and Carntrenna) 

comprise Ards Quartzite (Figure 2.3). Ards Quartzite Formation is a member of the 

Creeslough Succession which was formed during the Grampian Orogeny. Thick 

sediment piles were laid down under a variety of sedimentary environments in Late 

Pre-Cambrian times and were subsequently metamorphosed and deformed. The 

characteristics of Ards Quartzite is that it is a well bedded with massive feldspathic 

quartzite of variable grain size, and visible lenses of vein quartz, feldspar and 

quartzite (Long and McConnell, 1997). 

 

Calcareous lithologies form the lower ground of the study area. During late Silurian 

and early Devonian times, 420 to 390 million years before present, large bodies of 

granite were intruded into the Dalradian rock where eight plutons, namely, the Main 

Donegal, Thorr, Fanad, Ardara, Toories, Rosses, Tullagh Point and Trawenagh 

comprise the main Donegal Batholith. The Thorr granite underlies the Glasagh 

lowlands and is characteristically a pink coarse grained rock with large pink feldspar 

phenocrysts which are often accentuated on the surface as a result of weathering 

(Bell, 1992). Rosses granite outcrops at Gweedore and is characteristically a medium 

to coarse grained rock with an interlocking quartz, feldspar and mica matrix (Bell, 

1992). 
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Brittle faulting, post-dating the emplacement of granites gave rise to the principal 

fault lines of the region. Dykes intruded during this phase with the undulating 

topography of the lowlands attributed to the presence of metadolerite sills (20-30 m 

thick) which appear as hard and dark-coloured rocks (Long and McConnell, 1997). 

 

 

 

2.5. Approaches to Ice Sheet Reconstruction 

 

An ice sheet reconstruction must account for all evidence of glaciation. To do this, 

two approaches have been adopted: i) numerical and ii) field-based. 

 

Numerical approaches deploy ice physics and/or earth physics. Ice sheet modellers 

calculate the evolution of ice thickness as a function of ice flow mechanics and mass 

balance. The output model is configured using climate parameters and constrained 

by upper and lower surface boundary conditions. It is then tested against the 

Figure 2.3 General geology map of NW Donegal. Sourced from: Geological Survey of Ireland 

Bedrock Geology Map, Sheet 1. 
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geological evidence (e.g. Marshall et al., 2000; Boulton and Hagdorn, 2006). Earth 

physics calculates the Earth’s isostatic response to changing surface loading as the 

global distribution of water varies between ice sheet and ocean storage. This is 

manifested as relative sea level change and again is compared to the geological 

evidence of sea level change at palaeo-ice sheet marginal sites (e.g. Peltier et al., 

2002; Shennan et al., 2006). 

 

Application of numerical modelling techniques to the Irish and indeed British Ice 

Sheet reconstruction is very limited (Boulton and Hagdorn, 2006; Hubbard et al., 

2007). With such models, the Irish Ice Sheet is consumed into the British and Irish 

Ice Sheet and as a result modelling initiatives have been largely unsuccessful at 

replicating either the extent or the complexity of ice flow indicated by the geological 

evidence (Greenwood, 2008). A wealth of Relative Sea Level (RSL) data exist for 

Ireland, compiled into a database by Brooks and Edwards (2006). This was used by 

Brooks et al. (2008) to verify and refine models of glacio-isostasy proposed by 

Shennan et al. (2006). However, glacio-isostatic models continue to be forced by ice 

models which are heavily contested by those using the alternative approach to ice 

sheet reconstruction, i.e. the field-based methods. 

 

The most widely used approach for ice sheet reconstruction is where the geological 

legacy of glaciation is recorded (Agassiz, 1842; Flint, 1943; Charlesworth, 1924; 

Dyke and Prest, 1987; Boulton and Clark, 1990; de Angelis, 2007; Greenwood and 

Clark, 2009). This is based on the nature and distribution of glacial deposits and 

landforms. Such landscape elements reveal information on the character of the ice 

sheet that created them. It requires certain knowledge and/or assumptions of the 

processes responsible for deposition and landform genesis from which the 

geographic and glaciological properties of the ice sheet can be inferred. 

 

Landforms and glacial features that have been used in past reconstructions at a 

variety of scales to derive palaeo-glaciological information include: 

 

Subglacial lineations - as indicators of ice velocity and former ice flow directions. 

The set of assumptions that enable palaeo-glaciological interpretations to be made 

from this record are: i) lineations form parallel to the direction of ice flow, ii) 
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elongation of lineations (expressed as a ratio, length:width) is thought to relate 

primarily to ice velocity, iii) bedforms are indicative of warm-based subglacial 

conditions, iv) bedforms can be preserved beneath later flows, and therefore inform 

us of changing flow patterns and changing subglacial regimes, and v) preservation is 

related to either a cold-based thermal regime or slow basal velocities which do not 

permit geomorphic activity (Clark, 1999; Clark and Meehan, 2001; Kleman et al., 

2006; Greenwood and Clark, 2009). 

 

Meltwater channels - as indicators of the glacial hydrological system (ice flow and 

drainage mechanisms). The following assumptions are applied: i) meltwater flow 

will follow a hydraulic potential gradient, which is guided by ice surface slope, 

which in turn determines ice flow direction, ii) subglacial meltwater channels 

indicate a warm-based regime, and iii) lateral channels are associated with cold-

based ice and topographic constraints on flow (Greenwood et al., 2007). 

 

Moraines - as indicators of ice marginal sediment accumulations. The assumption 

that is applied is that moraines yield a palaeo-ice marginal position (Clark et al., 

2004; Meehan, 2006). 

 

Kames, kettle holes and hummocks - reflect the mode of ice retreat and it is assumed 

that they indicate active retreat where recessional stages are marked with periods of 

standstills (Brown, 1992), while palaeo-shorelines are assumed to be fossil sea-level 

indicators. 

 

The traditional approach to evidence-based reconstruction, classified as the 'bottom-

up approach' (Clark and Meehan, 2001), is one based on field gathering of data and 

aerial photo interpretation. All evidence is viewed as either a single snapshot or the 

latest phase of ice sheet activity (Greenwood, 2008). The advent of widely available 

satellite imagery has revolutionised landscape mapping, replacing the traditional 

approach with a ‘top-down’ approach (Clark and Meehan, 2001) whereby 

interpretations of the glacial record are conducted for an ice sheet-wide scale. Using 

this approach, many snapshots in the evolution of the ice sheet are recognised. 

Reconstructions describe the configuration and dynamics at each snapshot, and 

attempt to explain the changes from one state to another (Greenwood, 2008). This 



Chapter 2  Theoretical Background 

15 

approach has been formalised as the 'inversion method' (Kleman and Borgström, 

1996; Clark, 1997, 1999; Kleman et al., 2006) where the glacial map is the initial 

‘building block’, or the basic unit of an inversion procedure (Clark and Meehan, 

2001). 

Numerical modelling provides both the impetus and the tools for increasing 

engagement with Quaternary ice sheet problems based on its ability to reduce ice-

sheet behaviour to a series of physical relationships, thereby simulating 

‘observations’ of ice-sheet fluctuations over the geological timescales through which 

many of the controlling processes operate and which renders their direct observation 

impossible (Bingham et al., 2010). Glacial geomorphology and sedimentology has a 

key role to play by providing an archive of palaeo-ice behaviour which is used as an 

input to numerical models or used as an independent ‘validation’ of their output. 

This thesis seeks to address the inadequate evidence-based reconstructions of the 

Irish Ice Sheet in NW Donegal using an inversion approach and it is hoped that such 

a reconstruction will serve as a framework for and a test for numerical modelling 

initiatives. 

 

This research is motivated by the fact that the above approaches to ice sheet 

reconstruction have their specific strengths and limitations as outlined. It is for this 

reason that a 'multi-proxy' reconstruction is utilised here to relate the advantages of 

assembling different proxy information and to reduce the shortcomings of using a 

single proxy to give the whole story of ice sheet evolution. In the last decade, there 

have been several attempts to combine various types of proxy indicators to 

reconstruct ice sheets and climate (Kucera et al., 2005; Huntley et al., 2006; Huntley, 

2012). The range of methods able to make concurrent reconstructions of two or more 

variables is limitless. It therefore is of no surprise that the potential insight that can 

be gained from combining clay mineralogy, geophysics and absolute and relative 

dating techniques used in this research as palaeo-ice sheet proxies have to-date never 

been exploited. This research provides not only a 'multi-proxy' approach to ice sheet 

reconstruction, but also outlines a realistic assessment of the overall uncertainties 

associated with each research method, allowing future researchers to make informed 

choices when considering the proxies for ice sheet reconstruction. 
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2.6. Previous Work on the Irish Ice Sheet in NW 

Donegal  

 

The current status of knowledge on the Irish Ice Sheet in NW Donegal in relation to 

the position of the main ice divide, ice extent, ice flow patterns and the pattern of ice 

marginal retreat, together with a chronology for changes in each of these elements, is 

assessed in this section. It is necessary to consider and evaluate the current 

understanding of the palaeo-geography and palaeo-glaciology of the last Irish Ice 

Sheet in the study area to test existing conceptual models in light of a new paradigm 

of a mobile and dynamic ice sheet as outlined in Chapter 1. Over the past 140 years, 

from Close (1867) to Clark et al. (2008), Donegal has been extensively studied albeit 

on a localised scale. Consensus on the glacial history of this region has been difficult 

to achieve. 

 

2.6.1. Traditional Ice Sheet Models 

 

Traditional models have long since established the Donegal Mountains as a centre of 

ice dispersal where ice radiated to the north, northwest and west (Charlesworth, 

1924; Colhoun, 1971; McCabe, 1985, 1987, 1991, 1995; Warren, 1991, 1992; 

Knight and McCabe, 1997; McCabe et al., 1999, 2005; McCabe and Clark, 2003) 

(See Figure 2.4). The effects of glaciation in NW Donegal was first recognised by 

Close in 1867. Based on his observations of the form and composition of the 

landforms, patterns of surficial moulding and directional lineations, Close proposed 

that the nature and distribution of the landforms could be directly attributed to the 

effects of ice acting upon the landscape. He was the first to assert that upland ice was 

active locally and a central snowfield existed over the Donegal Mountains where ice 

nourished and radiated from a single ice mass. This he suggested connected and 

interacted with other ice masses in the western and northwestern mountains so as to 

supply the rest of Ireland with ice (Knight, 2003). 
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Hull's (1878) ice sheet model described ice emanating from a single, central, lowland 

axis, “The Great Central Snowfield” where he emphasised the independent role of 

the main mountain glaciers, including the Donegal mountain glacier, whose role he 

stated was to deflect rather than contribute to ice stemming from the lowland axis. 

Kilroe (1888) also maintained a thin ice mass over the Donegal uplands, which he 

stated had little to no influence in impeding or deflecting invading ice that flowed 

across the region from other sources, namely Scotland. Lewis's (1894) model 

portrayed the Donegal and Galway mountains as two main centres of ice dispersion 

for the entire glaciation of Ireland. Portlock (1843) and Hallissy's (1914) models also 

Figure 2.4 Previous models on the last glaciation of the North of Ireland. 
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advocate an independent ice cap over the Donegal Mountains. Charlesworth (1924) 

argued for the presence of local ice caps over the Donegal and Sperrin Mountains 

only during concomitant Scottish ice retreat (Knight, 2003), while the ice sheet 

models of Wright (1914), Synge and Stephens (1960), Mitchell (1976), McCabe 

(1985, 1987, 1995, 2008), Warren (1992) and Ballantyne et al. (2007) echoed an ice 

sheet configuration involving the mountains of Donegal nourishing an ice dome. A 

notable difference among the above models is the different configurations of that ice 

dome with respect to the role Donegal ice played in the creation and maintenance of 

ice sheets in Ireland.  

 

 

2.6.2. Ice Source 

 

The role of Donegal ice envisaged in the literature ranges from; i) a primary ice 

centre (Charlesworth, 1924), to ii) part of the northern branch axis positioned 

between Lough Neagh and the Omagh Basin (Colhoun, 1970), to iii) an independent 

ice cap with little influence on the main ice sheet (McCabe, 1995). The glacial record 

has provided support for elements of all of these models, hence the degree of 

glaciation of the Donegal Mountains remains unresolved. 

 

Traditional models of the last glaciation of Ireland differ on the basis of ice 

conception and the sites of ice sheet nourishment. A single ice axis situated across 

the central lowlands of Ireland from Galway to Lough Neagh was proposed by Hull 

(1878) and supported by McCabe (1985). This contrasts to the multi-domed model 

of Close (1867) and Warren (1992) who suggest that the mountainous massifs of 

Ireland acted as major centres of ice growth and nourishment. Charlesworth (1924, 

1928, 1929, 1939 and 1953) opposed the single ice axis model on the basis that the 

mountains, as opposed to the lowlands, were more conducive to ice accumulation 

and glacier inception and therefore acted as areas of ice dispersal. His model 

reinforced the Donegal Mountains as a primary ice centre and comprised a main ice 

axis stretching from Lough Derg in the south through to Lough Barra in the north 
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(Figure 2.5). The position of the main ice divide extends to the study area 

(Charlesworth, 1924; Long and McConnell, 1997; Ballantyne et al., 2007) where the 

pattern of striations, drumlin long axes, roche moutonnées and erratic dispersal 

diverge showing ice flow both to the northeast from the Glendowan Mountains 

across Glenveagh along Inishowen, Lough Swilly, Mulroy Bay and Sheet Haven 

(Charlesworth, 1924; McCabe, 1995), and also to the northwest from the Derryvegah 

Mountains down the Poisoned Glen, past Dunlewy and across Tievealehid and 

Bloody Foreland (Charlesworth, 1924; McCabe, 1995). 

 

However, Synge and Stephens (1960); Colhoun (1970, 1971); Stephens et al. (1975); 

Knight and McCabe (1997) and Knight (2003) accounted for the carriage and 

dispersal of sediments over Donegal and the genesis of ice-directional landforms in a 

north northeast to north northwest directions as indicating that the Donegal 

Mountains were part of a northern branch axis positioned between Lough Neagh and 

the Omagh Basin. The axis is positioned south of the Sperrin Mountains, across 

south-central Tyrone on the basis of till clast provenance (Colhoun, 1970, 1971; 

Figure 2.5 The axis of the Donegal Ice Dome and general ice flow direction after Charlesworth 

(1924). 
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Colhoun et al., 1972; McCabe et al., 1978). The breaching of cols and saddles in 

NW Donegal such as that of the Errigal-Muckish ridge, Aghla Beg and Aghla More 

(Dury, 1957) is used to suggest that the mountains did not nourish the main ice sheet, 

but rather were overwhelmed by ice flowing northwards over them (McCabe and 

Clark, 2003). 

 

McCabe (1995) proposed that the Donegal Mountains sustained an independent ice 

cap which had little to no influence on the main ice sheet. Reconstructed from striae 

observations and drumlin orientations, McCabe suggested that the Donegal 

Mountains provided a strong topographical control on the ice sheet and ice marginal 

configurations in the region, where the mountains nourished independent valley 

glaciers, ice streams and ice lobes that drained into the nearby eastern Atlantic. 

 

Recent acknowledgement of the sensitivity of the last Irish Ice Sheet to 

environmental changes (McCabe et al., 1999; McCabe 2008) and the recognition of 

a much more extensive ice sheet than was previously envisaged (McCabe and 

Dunlop, 2006; Ó Cofaigh et al., 2010; Dunlop et al., 2010) implies that the ice divide 

may have fluctuated and migrated through time. Local to regional-scale migrations 

in ice centre locations have been identified for other parts of Ireland (Knight, 2003; 

Clark and Meehan, 2001; Greenwood, 2008) but have yet to be captured for the 

study area. As a result, traditional centres of ice should be reconsidered from this 

new perspective. 

 

 

2.6.3. Ice Extent  

 

2.6.3.1. The Onshore Record 

 

Early models of the Irish Ice Sheet depicted the maximum extent of the ice margin in 

northern Donegal as remaining onshore (Close, 1867; Hull, 1878; Kilroe, 1888; 

Lewis, 1894). However, Charlesworth (1924) provided the first comprehensive 

survey of the glacial geology of Donegal where he identified one major advance of 
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the ice sheet margin that extended for some unknown distance offshore to the north 

and west during the Last Glacial Maximum (LGM). He noted that this interpretation 

of an offshore extent contrasted with those earlier works by the Geological Survey of 

Ireland. Stephens and Synge (1965) and Synge (1969) differed from Charlesworth 

and proposed a more limited glaciation in Donegal. They identified differences in the 

amount of surface weathering of glacigenic sediments in northern Donegal, and on 

this basis suggested that certain areas remained ice free and outside the maximum 

extent of the ice sheet. They drew a glacial limit across the county from Moville to 

Bloody Foreland and associated this glacial limit with a post-LGM Drumlin 

Readvance, indicating that the earlier LGM (main phase) ice limit was even more 

restricted (Clark et al., 2008). This Moville-Bloody Foreland line proposed by 

Stephens and Synge (1965) and Synge (1969) in conjunction with an ice limit east of 

Glengesh Plateau proposed by Dury (1964) have been depicted as the LGM limits of 

Donegal in numerous subsequent reconstructions (McCabe, 1985; Boulton et al., 

1991). Synge (1977) and McCabe (1988) revised their interpretation and inferred 

from the areal pattern of glacial erosion an LGM ice advance onto the continental 

shelf where McCabe (1995) suggested the Moville-Bloody Foreland moraine 

represented ice marginal deposition as the ice down-wasted and withdrew from the 

continental shelf. Charlesworth (1973), Warren (1992) and McCabe and Clark 

(2003) reasserted the view that the LGM ice sheet extended offshore onto the 

continental shelf in NW Donegal (Figure 2.6). 

 

 

2.6.3.2. The Offshore Record 

 

Continental shelf glaciation around the northwestern coastline of Ireland has been 

advocated by McCabe 1998; King et al. 1998; Knutz et al. 2001; Bowen et al. 2002; 

Sejrup et al. 2005, Ballantyne et al. 2007; Ó Cofaigh et al. 2010; Dunlop et al. 2010. 

Recent advances in acoustic methods have greatly improved the acquisition from 

deep sea environments of evidence for ice sheet activity along the continental 

margins. 
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In light of this, two extensive suites of closely nested arcuate moraines have been 

identified off the northwest of Ireland (King et al., 1998; Sejrup et al., 2005) (Figure 

2.7). One suite is located 90 km from the west coast of Donegal (Ó Cofaigh et al., 

2010) and the other is situated 55 km northwest of Tory Island just north of Donegal 

(Dunlop et al., 2010). The moraines show ice extended as far as the continental shelf 

break where the Bara and Donegal Fans acted as major depocentres and represent a 

major focus of glacial meltwater and sedimentation (Knutz et al., 2002; Wilson et 

al., 2002). Iceberg Rafted Detritus (IRD) records from the Barra Fan show ice sheet 

extension to the shelf edge (Wilson and Austin, 2002) on numerous occasions during 

the last glaciation, with emerging evidence of ice stream activity feeding the glacial 

trough mouth fans (Stoker and Bradwell, 2005; Stoker et al., 2006, Bradwell et al., 

2008). Further inshore, a field of 275 drumlins located 5 km northwest of Tory 

Island, as well as a smaller swarm of 59 streamlined landforms located 5 km 

northwest of Árainn Mhór Island, record a north-westerly ice flow that moved across 

the continental shelf (Ó Cofaigh et al., 2010). 

 

Figure 2.6 Sketch of Donegal ice limits proposed by Charlesworth (1924), Dury (1964), Stephens and 

Synge (1965), Bowen et al. (2002) and Ballantyne et al. (2007). 
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Smaller nested moraines have been recognised further inshore, in particular the 

northeast-southwest aligned ridges located 15 km southwest of Árainn Mhór. Such 

features show that the ice sheet reorganised as a result of a calving event at the shelf 

edge (Ó Cofaigh et al., 2010), and developed into large lobate ice masses that 

occupied different parts of the continental shelf.  

 

Emerging evidence suggests that not only was the Malin Sea glaciated, but it also 

potentially experienced multiple phases of ice cover from different sources of the 

British-Irish Ice Sheet and was characterised by abrupt marginal oscillations (Kroon 

et al., 2000; Knutz et al., 2001, 2002; Dunlop et al., 2010). 

 

 

Figure 2.7 Glacial and glacially related features identified on the multibeam swath bathymetry data 

from the continental shelf off northwest Ireland, after Ó Cofaigh et al. (2010). 
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2.6.4. Vertical Extent 

 

The thickness of the Donegal ice has been frequently debated (Charlesworth, 1924; 

Synge 1968, 1970; Colhoun, 1971; Wilson, 1989; McCabe, 1995; Sellier 1995). 

Charlesworth (1924) inferred from the occurrence of erratics and striated surfaces on 

the summits of the highest mountains that the whole county was completely buried 

beneath a sheet of ice and not even the highest peaks projected as nunataks above the 

ice surface (Figure 2.8). Synge (1970) agreed that the upland regions of Donegal 

stand at too low an elevation to escape inundation by the last ice sheet, while 

McCabe (1995) reiterated that the entire area of NW Donegal was covered by ice. 

However, Colhoun (1971) suggested, from the presence of blockfields, pillar-like 

tors and rock buttresses on Slieve League, that only a thin ice mass of insufficient 

power to penetrate or override such coastal mountains once existed, leaving the 

summit plateau as a palaeo-nunatak subject to periglacial frost action during the last 

glacial period. Wilson (1989) argued that granite erratics occur all along the lower 

ground around Muckish and extend only to an altitude of 550 m on Aghla Mountain. 

Erratics are absent on the summit plateau where instead it consists of blockfields 

with relict and active patterned ground indicating that parts of Muckish remained 

above the level of Donegal ice. In the Derryveagh Mountains, Sellier (1995) 

identified the highest glacial features (truncated planes) at 520 m. In areas below this 

limit, erratics were littered everywhere while weathering pits and granitic sand 

deposits were best developed above this limit. Based on this, Sellier (1995) inferred 

that the Derryveagh Mountains were ice covered apart from the summit areas of 

Dooish and Slieve Snaght, which indicated that the maximum altitude of the last ice 

sheet in the Derryveagh Mountains was ~550 m. Ballantyne et al. (2007) argued that 

almost all of the high ground in Donegal was over-ridden by glacier ice. However, 

the absence of evidence for glacial erosion and the associated preservation of 

blockfields, frost-weathered debris and frost-shattered outcrops on six summits 

suggest that Slievetooey and Slieve League in the southwest, Errigal and Muckish in 

the north, and Slieve Snaght and Raghtin More on Inishowen peninsula remained 

above the level of the Donegal ice dome at its maximum thickness. Using evidence 

of glacial erosion on the Donegal Mountains to provide a minimum altitude for the 
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former ice surface, Ballantyne et al. (2007) reconstructed former dimensions of the 

ice dome. At the ice divide, the ice was reconstructed to be at its maximum thickness 

greater than 700 m above present sea level, descending to 500 m along the western 

and north-western coasts of Donegal to 400 m along the northern coast of Inishowen. 

Estimates of the thickness of Donegal ice and therefore arguments for both a 'thick' 

and a 'thin' ice sheet are currently still being debated. 

 

2.7. Ice Flow Patterns 

 

2.7.4.1. General Patterns of Ice Flow 

 

Reconstructions of ice flow patterns in Donegal have been captured in the earliest 

maps (Close, 1867; Hull, 1878; Charlesworth, 1924). The traditional models display 

only a generalised direction of ice movement across Donegal (Figure 2.9). In doing  

Figure 2.8 Sketch of the dimensions of the Donegal Ice Dome after Ballantyne et al. (2007). 
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so, they may have masked regional-scale complexities in ice behaviour and patterns 

of ice mass variability. In many cases, the traditional models have provided a 

framework for new research in NW Donegal (Synge and Stephens, 1960; Stephens et 

al., 1975; Boulton et al., 1977; McCabe, 1987, 1995; Knight et al., 2004; Ballantyne 

et al., 2007; McCabe et al., 2007), implying that knowledge of the true geometry of 

ice flow across this area remains concealed until a more detailed analysis of the 

glacial geology is undertaken. 

 

It is clear from the previous reconstructions that the main ice flow route is in a 

northwest and a northeast direction where ice diverged from the Derryveagh 

Mountains as revealed by striae, erratics, roche moutonnée and drumlins 

(Charlesworth, 1924; McCabe, 1995). Small drumlin fields and cross-valley 

Figure 2.9 Generalised ice flow direction across the study area. 
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moraines record topographic control of the ice flow. All models depict a funnelling 

of ice through the northern embayments at Altawinny, Magheroarty, Sheep Haven, 

Mulroy Bay, Lough Swilly and Lough Foyle. 

 

At multiple sites, however, contradictory ice flow indicators have been recognized. 

At Croghleconnell (to the west of Gweebarra Valley), crossing-cutting striae reveal 

both a north-westerly and south-westerly ice flow (Charlesworth, 1924). At 

Glengesh, cross-cutting striations occur in a north-westerly and south-easterly 

direction on the slopes of the hills in this region (Charlesworth, 1924). The opposing 

striae have been attributed to the dominance of one glacial source over another 

during the same glacial period. The key issue for sites of contradicting flow 

indicators is the chronology attached to the flow patterns inferred. Knight (1997) has 

demonstrated that ice flow interpretations, based on what Charlesworth (1924) 

termed drumlins and end-moraines in the Omagh Basin, are erroneous, and that 

bedform patterns have revealed far more complex ice events in the region. Perhaps, 

the oversimplification and generalization of ice flow histories that characterise the 

ice sheet models of NW Donegal have hampered recognition of an evolving ice sheet 

in this region (Clark et al., 2006). 

 

 

2.7.4.2. Scottish Ice 

 

Much discussion has taken place over the timing of Scottish ice invasion upon the 

Donegal landscape. It is suggested that ice events in Donegal are very closely related 

to Scottish ice incursion into the North of Ireland (Portlock, 1843; Kilroe, 1888; 

Lewis, 1894; Hallissy, 1914; Dwerryhouse, 1923; Charlesworth, 1924, 1939; Knight, 

1997, 2003). Portlock (1843) observed shells and foraminifera in the glacial deposits 

in and around Lough Foyle in Donegal, which he suggested were brought from 

adjacent seas (namely the North Channel) by invading Scottish ice and dumped on 

the land. Kilroe (1888) maintained that Scottish ice engulfed Northern Ireland based 

on westerly orientated striae, the occurrence of Ailsa Craig microgranites and the 

presence of shells in the glacial deposits around Antrim. Lewis’s (1894) schematic 
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model showed Scottish ice flow patterns dominating only in the north-eastern and 

eastern sectors of the country where the presence of ice, sourced in the Donegal 

Mountains, impeded its spread north-westwards. He suggested that the Pomeroy 

moraine in the Omagh Basin marks the meeting point of Irish and Scottish ice. 

Wright (1914) observed a similar erratic content in the glacial sediment of the Foyle 

Basin to that observed by Portlock (1843), which he also attributed to a Scottish ice 

source. Hallissy (1914) expressed views on the western limit of Scottish ice which he 

drew as a line south of Lough Foyle in the Inishowen Peninsula in agreement with 

Charlesworth (1924). Dwerryhouse (1923) supports a Scottish ice advance but only 

as far south as the eastern Sperrin Mountains, in agreement with the western limit of 

Ailsa Craig erratics and Tyrone Igenous Complex. Charlesworth (1924) argued for 

two distinct glacial episodes in Donegal involving an early invasion of Scottish ice 

prior to the last glaciation, evidenced by the distribution of Ailsa Craig microgranite 

erratics, and a later readvance of Scottish ice post-LGM. The interpretation of a 

Scottish readvance is based on the geomorphology of Lough Foyle, where he 

attributed the presence of deltas to the accumulation of material due to the blocking 

of mouth of the lough by Scottish ice. The Armoy moraine in Antrim is also thought 

to reflect a late-stage readvance of Scottish ice (Charlesworth, 1924, 1953; McCabe 

and Clark, 1998, 2003).  

 

The “Scottish till” or shelly diamicton consistently occurs in a lower stratigraphic 

position (Portlock, 1843; Charlesworth, 1973; McCabe et al., 1999) and has a sparse 

distribution confined within the lower parts of the valleys and glens (as a means of 

preservation). This has been used to indicate Scottish ice invasion of the northern 

coastline of Donegal prior to the last glacial period ( Kilroe, 1888; Hallissy, 1914; 

Charlesworth, 1924). However, without chronological control it cannot be 

determined whether the lowest unit was laid down prior to or during an early stage of 

the last glacial. Furthermore, recent recognition of the dynamic qualities of the ice 

sheet implies that it is likely that the ice sheet would have left behind multiple ice 

sheet signatures pertaining to a single glacial event. 
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2.7.4.3. Ice Streams  

 

Ice streams have been described for NW Donegal by Charlesworth (1924) but were 

not indicated on his glacial map of the region. For this reason, it can be suggested 

that Charlesworth (1924) used “ice stream” more as a descriptive rather than a 

technical term to indicate major ice flow routes. For example, he advocated glacier 

streams emanated from the Donegal Mountains, across the Glenties and Slieve 

League Peninsula. 

 

On the other hand, McCabe's (1995) model of NW Donegal shows six ice streams 

draining the Derryveagh Mountains where they are funnelled through the northern 

embayments at Altawinny, Magheroarty, Sheep Haven, Mulroy Bay, Lough Swilly 

and Lough Foyle (Figure 2.10). The location for the ice streams appear to be based  

 

 

on ice directional indicators, with striae being used in the case of Altawinny and 

Magheroarty ice streams, and drumlin occurrence and convergence for Sheep Haven, 

Mulroy, Swilly and Foyle ice streams. 

Figure 2.10 Sketch of NW Donegal depicting direction and flow of ice streams after McCabe (1995). 
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The potential effect of ice streaming on ice sheet dynamics is considerable, 

discharging substantial proportions of the total ice sheet drainage which would likely 

have a profound effect on ice divide locations and overall ice sheet flow geometry 

and topography (Stokes and Clark, 1999). Drawing on just two sets of ice directional 

indicators without any sedimentary signature to advocate the presence of ice 

streaming in NW Donegal appears questionable and inconclusive. 

 

 

2.8. Retreat Patterns  

 

Deglaciation is characterised by fragmentation of the ice sheet with marginal 

withdrawal towards component ice centres (Benn and Evans, 1998). Reconstructing 

the deglaciation of the last ice sheet across Donegal has incorporated: i) the pattern 

of marginal retreat (Charlesworth, 1924), and ii) the environments in which the ice 

decayed, for example: terrestrial, glaciolacustrine or glaciomarine, ice stagnation, 

oscillation or readvancing (Synge and Stephens, 1960; McCabe, 1985, 1995; 

McCabe and Clark, 2003; Clark et al., 2008). Two theories on ice sheet decay across 

NW Donegal have been proposed in the literature; a steady margin retreat versus a 

major margin readvance during deglaciation. 

 

 

2.8.1. Steady Retreat  

 

Charlesworth (1924) inferred a rapid, steady retreat of the ice margin across NW 

Donegal. He reconstructed an orderly withdrawal of ice back into the centres of ice 

dispersal in the Donegal Mountains where the continuous ice sheet was replaced by a 

number of large detached lobes and valley glaciers which retreat semi-

independently, namely, Mulroy, Sheephaven, Glenna, Rosses and Dunlewy Glaciers 

(Figure 2.11). Ice retreat paused periodically to construct occasional and isolated 

moraines, such as Dunfanaghy, Glenveagh, Bloody Foreland and Dunlewy moraines, 

and deposited glaciofluvial sediments and landforms, such as at Falcarragh, 

Altawinny and Glenhoola. But otherwise the ice margin did not readvance. 
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2.8.2. Drumlin Readvance  

 

In contrast to Charlesworth's (1924) steady retreat model, Stephens and Synge 

(1965) and Synge (1969) advocated a major readvance of the Irish Ice Sheet in NW 

Donegal, where they inferred the presence of a moraine complex that stretches from 

the mouth of Lough Foyle to Bloody Foreland to mark the ice readvance limit 

(Figure 2.12). This moraine bounds the drumlins within Donegal and so it was 

interpreted that both the moraine and drumlins were genetically linked and termed 

the “Drumlin Readvance”. The Drumlin readvance was identified elsewhere in 

Ireland using the distribution of moraines and drumlins (Synge, 1969). McCabe and  

Figure 2.11 Semi-independent glaciers that occupied the mountainous district of NW Donegal during 

deglaciation after Charlesworth (1924). 
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Clark (1998) renamed the Drumlin Readvance as the Killard Point Readvance, and 

inferred a similar ice limit on northern Donegal as that mapped by Stephens and 

Synge (1965). 

 

The detailed mapping of moraines and marginal landforms by Charlesworth (1924) 

underpins the majority of research that was subsequently carried out on the deglacial 

history of NW Donegal (McCabe, 1985, 1995; McCabe and Clark, 2003, Ballantyne 

et al., 2007, Clark et al., 2008; Knight et al., 2009). However, elsewhere in Ireland 

Charlesworth's mapping has proven invalid or at the least thought to conceal local 

complexities in the pattern of ice retreat. For example, in the case of the Southern 

Irish End Moraine, Warren (1991) and Hegarty (2002) have seen no evidence in the 

landscape for such an end moraine, and indeed Charlesworth’s glaciofluvial 

hummocky spreads have been found to be proglacial outwash sediments (Hegarty, 

2002) or bedrock knolls thinly draped with sediments (Hegarty, 2004). In the Omagh 

Basin, Knight (2003, 2006) and Knight and McCabe (1997) reinterpreted 

Charlesworth’s arcuate moraines as ribbed moraines. In Kildare, Meath, Louth, 

Offaly, and Cavan, Charlesworth linked large spreads of broad sweeping moraines to 

Figure 2.12 Sketch map of Killard Point readvance in NW Donegal after McCabe et al. (1998, 2003). 
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steady withdrawal of the ice sheet, whilst Meehan’s (1999), Glanville’s (1997), 

Delaney’s (2001) and Hegarty’s (2002) investigations have highlighted the intricate 

sedimentological record of these areas and reinterpreted the broad moraine 

complexes in terms of a signature of ice thinning and multi-phased retreat patterns, 

with local margin oscillations rather than steady ice retreat. This shows that past 

generalisations of the glacial record have masked local complexities of the pattern of 

ice retreat (Clark et al., 2006). It also shows that a model of retreat with one major 

readvance has been heavily criticised (Meehan, 2004, 2006; Knight, 1999) on the 

basis that: i) most moraines are stillstand accumulations deposited during ice sheet 

recession rather than a “bulldozed” advance feature and ii) there is no glaciological 

basis for equating drumlinisation with margin advance or moraine building 

(Greenwood, 2008). 

 

 

2.8.3. Environmental Context 

 

The glaciomarine framework incorporates changes in relative sea level (RSL) and is 

caused by ice sheet loading and crustal downwarping (Eyles and McCabe, 1989). 

The glacigenic depositional systems recognised along the coast of Ireland define 

such distinct events. Morainal banks located along the east coast of Ireland at 

Dunany Point, Kilkeel and Killard Point were proposed firstly by Synge (1970) to 

have been deposited in a glaciomarine environment. Marine muds evident within 

glacigenic sediments exposed at sites along the coastline of Ireland attest to this, for 

example, Killard Point, Cranfield Point, Cooley Point Linns and Dunany Point in the 

east, Ballycroneen and Ballycotton in the south, Glenulra and Malin Beg in the west 

and Corvish in north Donegal (Figure 2.13). The stratigraphy at these sites has been 

interpreted as recording ice marginal oscillations over the present-day coastline 

(McCabe et al., 2005, 2007; McCabe and Dunlop, 2006; McCabe, 2008). It has been 

argued that alternating periods of high RSL occurred as the ice margin withdrew 

from its outer limit on the shelf edge. Marine muds record marine transgression and 

marginal retreat, and alternate with readvance phases delivering morainic material to 

the present-day coastal regions (McCabe, 2008). Raised beaches and deltas located 
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along the coast, such as at Limavady, Co. Derry and Killary Harbour, Co. Mayo, 

record sedimentation at high relative sea level up to 140 m above present day sea 

level (Eyles and McCabe, 1989, McCabe, 2008). However, the sedimentary setting 

for these deposits has been a source of controversy. Some authors adhere to the 

original model of decay of the Irish Ice Sheet under glaciomarine conditions (Eyles 

and McCabe, 1989; Haynes et al., 1995; McCabe, 1996, 1997, 2008; McCabe and 

Clark, 1998; Knight, 2001; Knight et al., 2004; McCabe and Dunlop, 2006) while 

others prefer a model of glaciolacustrine delta formation (McCarroll et al., 2001; Ó 

Figure 2.13 Sites along the coast of Ireland containing evidence for high relative sea level during the 

last glacial termination after McCabe (2008). 
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Cofaigh and Evans, 2001; Brook et al., 2008). Some have argued for glaciomarine 

conditions in the north and terrestrial/glaciolacustrine conditions in the south. 

Important questions still remain unanswered as to the nature of ice decay (i.e. 

continuous or fragmented) and the direction of ice retreat onshore. 

 

 

2.9. Chronology 

 

Chronological data to constrain the age of glacial events in Donegal are sparse. 

 

2.9.1. Timing of Maximum Extent 

 

There is sufficient evidence to support the interpretation that the northwest margin of 

the last Irish Ice Sheet reached the continental shelf edge (Knutz et al., 2001, 2002; 

Øvrebǿ et al., 2006; Ó Cofaigh et al., 2010; Dunlop et al., 2010). Iceberg Rafted 

Detritus (IRD) records from the Barra Fan show ice sheet extension to the shelf edge 

occurred between 29-27 cal ka BP, prior to the globally defined LGM (Wilson and 

Austin, 2002), with maximum ice sheet growth attained by 24 cal ka BP (Ó Cofaigh 

et al., 2010). Ice sheet break-up was closely associated with Heinrich Event 2 with 

deglaciation beginning at 23 cal ka BP (Scourse et al., 2009). 

 

These dates differ greatly with Bowen et al.'s (2002) amino-acid geochronological 

data and cosmogenic nuclide surface exposure dating for the timing of the maximum 

extent of the last British and Irish Ice Sheet, which he measured as ~40 cal ka. 

Bowen et al's model also incorporated ice sheet fluctuations between 37.5-25.1 cal 

ka before complete withdrawal beginning at 21.8 cal ka. However, Bowen et al’s 

chronological data have been strongly contested on the grounds that only one or two 

samples were obtained for dating, whereby unrecognisable geological uncertainties 

may have cause individual ages to be in error (Clark et al., 2008). Also, little 

information is provided on their stratigraphic context (Ó Cofaigh and Evans, 2007), 

precluding its use in resolving the true age of the associate ice marginal extent. 
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2.9.2. Deglaciation 

 

Brooks et al. (2008) proposed from relative sea level information a deglaciation from 

21 cal ka in conjunction with a rapid thinning of the Irish Ice Sheet. Chronologically 

controlled deglaciation events for NW Donegal have centred on dates obtained from 

Bloody Foreland and Malin Head. Bowen et al. (2002) reported a single 
36

Cl age 

from Malin Head, to advocate a final ice marginal withdrawal from the continental 

shelf at 25±1.1 
36

Cl kyr while Ballantyne et al. (2007; 2010) advocated ice 

withdrawal by 18.6±1.4 kyr from two 
10

Be ages at Bloody Foreland. The large 

uncertainty associated with these dates means that both Bowen et al’s and Ballantyne 

et al’s chronologies have received little support. McCabe and Clark (2003) reported 

a regional deglaciation of Donegal that occurred by 20.2±0.1 cal kyr BP based on 

AMS 
14

C ages for marine muds at Corvish, just south of Malin Head. They also 

advocated a subsequent ice readvance across the site to a moraine in Trawbreaga 

Bay between 18.25±0.13 and 16.74±0.23 cal kyr BP. Clark et al. (2008) reported a 

cosmogenic age for the Bloody Foreland moraine of 19.3±1.2 kyr BP, which is in 

agreement with calibrated 
14

C ages from Corvish and also from Belderg in western 

Ireland, and indicates a retreat of LGM ice from the continental shelf by 19.6±0.1 cal 

kyr BP (McCabe et al., 2005) (Figure 2.14). This interval of retracted ice margin also 

corresponds to 
14

C dated marine sediments in the Irish Sea Basin, which suggest that 

deglaciation occurred ≥ 20.2 kyr BP, marking the beginning of the Cooley Point 

Interstadial (McCabe and Clark, 1998; McCabe et al., 2005). 

 

Without a doubt, there is need for a more spatially and temporally complete 

geochronology of the northwestern sector of the Irish Ice Sheet and indeed for the 

Irish glacial record as a whole. Until this is achieved, correlating dates and group 

events across large sectors of the ice sheet to hypothesised ice-sheet-wide 

synchronous events must be undertaken with great caution. This is especially true in 

light of research by Sejrup et al. (1994) on the Scandinavian Ice Sheet (SIS), where 

it was shown that the western SIS margin was advancing while the southern margin 

was retreating, suggesting regional spatial variation across different sectors of 

individual ice sheets. 
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2.10. Global Climatic Context 

 

Global climate and climate change may be a result of fluctuating energy and 

moisture fluxes intricately connected to the interactions between the ice-ocean-

atmosphere systems (Clarke and Marshall, 1999). McCabe and Clark (1998) 

proposed that ice sheet wide oscillations for the Irish Ice Sheet can be tied to a 

sequence of millennial-scale climate events in the North Atlantic whereby oxygen 

isotope stratigraphy, in the form of δ
18

O variability in plankton and foraminifera of 

marine and ice cores, provide a high resolution surrogate record of palaeo-climatic 

change indicating ice volume fluctuations. 

 

The Cooley Point Interstadial corresponds to a warm interval identified from GISP2 

δ
18

O record between ~21 and 18 kyr BP (Cuffey and Clow, 1997). Deglaciation at 

this time has also been recorded by other ice sheets which were influenced by the 

Figure 2.14 Chronology of glacial activity in Donegal. Dates obtained from Wilson and Austin 

(2002); Bowen et al. (2002); McCabe and Clark (2003); Ballantyne et al. (2007); Clark et al. (2009); 

Ballantyne (2010); Ó Cofaigh et al. (2010).  
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North Atlantic climate. McCabe et al. (2007) documented deglaciation of the British 

Ice Sheet from the eastern coast of Scotland by 21.1±0.1 cal kyr BP. Also, 

Rinterknecht et al. (2005, 2006, 2007, 2008) determined that the southern margin of 

Scandinavian Ice Sheet began to retreat by 19±1.6 
10

Be kyr. 

 

Subsequent readvance of the Irish Ice Sheet margin occurred during the Clogher 

Head Stadial, with dated records of this readvance from Corvish (McCabe and Clark, 

2003) and the Irish Sea Basin (McCabe et al. 2007), which are indicative of an Irish 

Ice Sheet response to Heinrich 1 cooling event (H1) recorded by IRD in the North 

Atlantic at approximately the same time (McCabe and Clark, 1998; McCabe et al., 

1999). A later readvance of the Irish Ice Sheet margin, post-Heinrich 1, is recorded 

at 14.2-13.8 
14

C kyr BP (McCabe et al., 2007) in association with the Killard Point 

moraine and the drumlinisation of the landscape. Again, this readvance is correlated 

with a similar behaviour in sectors of the British Ice Sheet, evidenced by the drumlin 

patterns in the Solway Firth and Dumfries and Galloway (McCabe et al., 1999), the 

drumlins of St. Bees and Bride (McCabe et al., 1999), moraines in Cumbria and the 

Isle of Man (McCabe et al., 1999), the moraine bank on St. Kilda (McCabe et al., 

1999), the moraine of Wester Ross in northwest Scotland (Everest et al., 2006) and 

the advance of ice in the Moray Firth (McCabe et al., 1999). McCabe et al. (2007) 

postulated that these events were driven by meridional overturning circulation 

reduction or independent isostatic/dynamic responses to relative sea level changes. 

Based on the recently developed framework within which the evolution of the last 

Irish Ice Sheet is viewed as part of the circum-North Atlantic climatic system 

(McCabe, 1996; McCabe and Clark, 1998), it is important that all reconstructions of 

palaeo-ice sheet configurations and dynamics reflect the external and internal 

controls on the ice sheet including climatic variability. 

 

 

2.11. Recent Advance in Irish Ice Sheet Models 

 

The recognition and appreciation of a dynamic ice sheet history has been 

encapsulated in three new ice sheet models for Ireland, developed by McCabe et al. 

(2005, 2007), Clark and Meehan (2001) and Greenwood and Clark (2009). Whilst 
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none have been applied and tested directly in NW Donegal, the models highlight 

advances in thinking from the earlier models of McCabe (1985) and Warren (1992) 

and are therefore discussed here. 

 

McCabe developed a model incorporating six major ice sheet phases based on 

sedimentological analyses and dating of Irish coastal sites (Knight et al., 2004; 

McCabe et al., 2005, 2007). Through an association of margin dynamics revealed at 

the present-day coastline with onshore bedform patterns, McCabe ties the interior 

flow geometry of the ice sheet to the marginal chronology (Knight et al., 2004). The 

glacial bedform record of Ireland characterises i) an ice inception from the west ii) 

lowland glacierisation, iii) development of Irish Sea glacier, iv) early deglaciation, v) 

a two phase readvance incorporating drumlinisation of the west followed by 

drumlinisation of the east and vi) stagnation zone retreat (Figure 2.15).  

 

Clark and Meehan’s model (2001) uses a flowset approach to reconstructing ice 

sheet evolution (Figure 2.16). Rather than grouping regional evidence into a 

generalised flowline, a flowset approach enables the identification of discrete flow 

events from the composite record (Clark and Meehan, 2001). This model infers a 

four phased Irish Ice Sheet evolution including; i) an early Scottish advance of ice, 

ii) flow to the west coast where an ice divide existed over the eastern counties, iii) 

the formation of ribbed moraines and drumlinisation and iv) a later north-eastwards 

flow of ice associated with final ice decay. Clark and Meehan (2001) advocated a 

regionally migration of the ice divide instead of McCabe's major readvance of the ice 

margin. 

 

Greenwood and Clark (2009) also used the flowset approach to reconstruct the ice 

sheet with many elements of their reconstruction consistent with the other two 

models. A seven phase reconstruction is proposed comprising mainly: i) an early 

Scottish influence on ice sheet build-up; ii) maximum stages of glaciation in which 

ice extends onto the continental shelf; iii) the main ice divide migrates first towards 

the east of Ireland, and subsequently into the centre, where ice streams operate in 

most ice sheet sectors; iv) and a pattern of ice sheet retreat characterised by the 

‘unzipping’ of separate component domes of the ice sheet, with margin retreat 

towards the west (Figure 2.17). 
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Figure 2.15 Millennial timescale events, anatomy, and development of the last ice sheet in 

Ireland after McCabe (2008). 

Figure 2.16 Model of Irish Ice Sheet history derived from 

flowsets after Clark and Meehan (2001). 
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Figure 2.17 Proposed reconstruction of the last Irish Ice Sheet from Greenwood and Clark (2009). 

 

It is essential that any reconstruction of the Irish Ice Sheet must be compatible with 

these conceptualisations of the ice sheet’s history and must build upon and improve 

their spatial coverage and variety of glaciodynamic contexts from which the models 

currently originate. 

 

2.12. Summary 

 

Irish glacial research has been dominated by conceptual models of the ice sheet’s 

configuration from the original ideas of Close (1867) and Hull (1878) through to the 

models of Warren (1992) and McCabe (1985), proposed almost 100 years later. As a 

result, consensus over ice sheet properties, whether at a ice sheet-wide scale or more 

regional scale, is rarely sought. It has been argued that such long-standing conceptual 

models act as straightjackets rather than loose frameworks, into which new evidence 

is automatically subsumed rather than providing a critical test of an existing idea 

(Meehan, 2004). In recent years, it has been realised that the traditional models are 

wholly unsatisfactory and new models are required which can capture the changing 

ice sheet dynamics throughout its evolution (Greenwood, 2008). McCabe et al. 

(1998, 1999, 2005, 2007), Clark and Meehan (2001) and Greenwood and Clark 



Chapter 2  Theoretical Background 

42 

(2009) present new models revealing the multi-temporal nature of the last glaciation 

in Ireland. Any further reconstruction of the ice sheet must be compatible with these 

conceptualisations and must build upon and improve their spatial coverage in 

particular. 

 

Numerical modelling offers a unique opportunity to capture the big picture of former 

glaciation and address wider Earth system questions. However, without adequate 

evidence-based reconstructions, this technique can be proven useless. It is clear that 

no single approach is capable of solving reconstruction problems alone, and that a 

research campaign must be mounted on a holistic foundation combining multiple 

techniques. 
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3. Chapter 3. METHODOLOGY 

 

3.1. Introduction 

 

The aim of this research was to reconstruct the Late Midlandian glacial history of 

NW Donegal. This has been achieved through the integrated study of regional glacial 

geomorphology and sedimentology. The detailed geomorphological mapping and the 

study of sedimentary sequences has allowed for a better constrained reconstruction 

of the glacial dynamics, glacial depositional environments and deglaciation patterns 

in this marginal sector of the last Irish Ice Sheet. Auxiliary methods, in the form of 

clay mineralogical investigations, geophysical surveying, Schmidt hammer analysis 

and Terrestrial Cosmogenic Nuclide surface exposure dating have been used to 

supplement and augment the sedimentological and geomorphological study. The 

methods that were used are described in detail in this chapter. 

 

 

3.2. Geomorphological Mapping 

 

The objective of the geomorphological mapping programme was to provide the most 

consistent and comprehensive picture of long-term glacier behaviour using all 

currently available data sources. The resultant glacial geomorphology maps of NW 

Donegal are a means of visually accessing, evaluating and communicating the 

complex nature of glacial landforms and processes of formation in the study area. 

 

Three data sources were used for landform mapping including Digital Elevation 

Models (DEM), satellite images and aerial photographs; their basic properties are 

outlined in Table 3.1. 
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Table 3.1Properties of data sources used in the geomorphological mapping programme. 

Data source Technical properties Initial 

projection 

Acknowledgement 

 

Landmap 

DEM 

DEM built from  

ERS-1&2  

SAR images via 

interferometry 

25 m 

Irish National 

Grid 

Geological Survey 

of Ireland 

Landsat  

+  

ETM 

Bands 2,3,4,5 

(visible to mid-IR). 

Panchromatic band 

(visible and IR). 

30 m University of 

Sheffield 

Aerial 

Photography 

Black and White Prints 1: 30,000 Geological Survey 

of Ireland (1973) 

 

 

The DEM was chiefly used for landform mapping. A DEM is a raster model of 

surface elevation, in which each pixel contains a value of elevation above a datum, 

and can thus be visualised according to user demands (Greenwood, 2008). The 

flexibility of DEMs for data visualisation and their coverage makes them a superior 

tool for landform mapping over more traditional remote mapping methods using 

satellite imagery or aerial photography (Clark and Meehan, 2001). Satellite imagery 

and colour ortho-aerial photographs were used only to compliment the DEM-based 

mapping which used natural illumination, shadow effects, tones and textural 

properties to assist in landform identification and mapping. 

 

Prior to mapping, data from the various sources were geo-corrected and processed to 

best visualise the landscape. All images were reprojected to the Irish National Grid. 

Minor geo-positional inaccuracies were overcome by using ground-control points to 

manually re-correct the data where necessary, using Ordnance Survey map data as 

the target data. The dataset was hill shaded and sun illuminated from a low elevation 

(long shadows) and oriented perpendicular to the direction of illumination 

(Greenwood, 2008). It follows that landform detection may be biased by the angle of 
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illumination with landforms orientated perpendicular to the source of light being 

preferentially highlighted over those aligned with the sun direction (Clark and 

Meehan, 2001). To overcome this problem, three different illuminated visualisations 

were employed for landform mapping from DEMs. Mapping was conducted on-

screen using ArcGIS 9.2 software. Landforms were digitized using lines (all 

lineations, meltwater channels and fossil shorelines were mapped as lines 

corresponding to the crestlines or central axis of a channel) and polygons (drumlins, 

moraines, hummocks, kettle holes and kame terraces mapped by break-of-slope). 

Landscape mapping was conducted landform type by landform type and each 

landform was given a separate layer. This guaranteed that the same area was mapped 

several times using the same imagery and inevitably as mapping ability grew with 

experience the map became more refined. Mapping was conducted at a range of 

scales from regional scale, intermediate scale and local or land element scale. This 

was to ensure the full range of landforms was identified. The GIS framework 

allowed for multiple sources of information to be overlaid. For example, the colour 

digital aerial photography were overlaid on the hill shaded DEM, and 3D models of 

the landscape were produced which assisted in image interpretation. The following 

landforms were mapped to compile a glacial map of NW Donegal: 

 

- subglacial bedforms: drumlins, crag and tails, glacial lineations, streamlined 

bedrock  

- meltwater channels 

- moraines 

- kames and kettle holes 

- hummocks  

- fossil shorelines 

 

A number of extra sources of information were referred to in order to assist in 

landform detection and identification of features. They also provided a degree of 

quality control over the mapping by ensuring only features with a glacial origin were 

included (Smith et al., 2006). These included; Quaternary Geology Map of Donegal 

(Meehan, 2006-Teagasc/EPA/GSI National Soil and Subsoil Survey), Solid Bedrock 

Geology Map (Geological Survey of Ireland, 2003), Bedrock geology map at one-

inch to one mile scale (Geological Survey of Ireland, 1856; 1858; 1864) and six-inch 
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to one mile scale (Geological Survey of Ireland, 1846; 1967), Aggregate Potential 

Maps (Geological Survey of Ireland, 2002) and Groundwater Vulnerability Map 

(Geological Survey of Ireland, 1999). The Quaternary Map provided the most useful 

supplementary information as the digital dataset distinguishes, amongst others, 

bedrock, till, glaciofluvial material, lake sediments, marine sediments, alluvium, 

peat, made ground and modern water bodies, which makes it an invaluable 

accompaniment to glacial landform mapping (Greenwood, 2008). 

 

Aerial photographs provide good topographic definition for finer resolution landform 

mapping often beyond the resolving power of satellite imagery (Jansson and Glasser, 

2005). Black and white aerial photographs of NW Donegal (Geological Survey of 

Ireland, 1973) in hard copy were stereoscopically analysed. Landform morphology 

was recorded as accurately as possible onto a clear overlay using Savigear (1965) 

guidelines to morphological mapping. The data were used to support and extend the 

geomorphological dataset. The integration of both methods was a time-consuming 

process, but helped in creating: i) an overall picture of the distribution of 

morphological features and ii) defining morphological units (Pellicer, 2010). 

 

Fieldwork, focusing on geomorphological mapping, was carried out during 2007 and 

2008 after the aerial photographic analysis was completed. It involved the highest 

level of detail with the greatest inspection of the surface from close quarters with a 

level of certainty in the mapped features unparalleled in any other method of 

mapping (Waters, 1958). Mapping in the field had two objectives: i) to perform 

selective field checks to assess the validity of the geomorphology map initially 

depicted and classified by means of 3D digital analysis of the landscape and to 

reclassify features where necessary; and ii) to include additional landform 

morphology to the topographic base map, particularly at sites where coverage of the 

remotely sensed resources was poor. This was particularly the case for the Lough 

Neill Valley where the landforms were too small to be recognised by DEM or large 

scale mapping. 

 

Field-based mapping involved traversing across the study area, viewing the 

landscape from all suitable vantage points in order to obtain a true idea of the 

character of the area to be mapped. Over 50 sites were visited during the 
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geomorphological mapping process. Approximately 10% of the features had to be 

reclassified following this fieldwork exercise. In areas where coverage of the 

remotely sensed resources was poor, breaks and changes-of-slope (vertical resolution 

of 1 m) were marked on the base map commencing with those dividing the area into 

major relief features and extending to the discontinuities of micro-relief of slopes. 

The various orders of discontinuities were classified by means of decorated solid or 

broken lines of different intensity along the zone of maximum slope. Pecks were 

added to the lines to indicate positive/convex or negative/concave breaks and 

changes of slope, and were placed on the side of the line with the steepest slope and 

aligned in true slope direction. Once all morphological units were recorded, the map 

showed the distribution of slopes and flats that uniquely interact with each other to 

produce landforms (Savigear, 1965). 

 

Information on altitude was noted using the 1:50,000 scale Ordnance Survey Map 

Sheet 1 and marked in red on the base map while orientations were checked with a 

compass. As well as mapping and reclassifying morphological features, other 

recognisable features, too small a spatial resolution for detection by the remotely 

sensed datasets, were recorded on the map such as bedrock outcrops. 

 

The 1:10,560 scale field maps were later transcribed onto Ordnance Survey 1:50,000 

scale maps. Typically, line thickness covered 2 m of ground at the 1:10,560 scale 

and 20 m of ground at the 1:50,000 scale. These maps were then digitized and 

integrated into the geomorphological dataset in ArcGIS. 

 

 

3.3. Sedimentological Logging and Facies Analysis 

 

The objective of sedimentological logging and facies analysis is to reconstruct the 

glacial depositional environments by interpreting first the processes which gave rise 

to the regularities and variations in the sediments, and then the environment in which 

these processes operated with regard to palaeo-geography. The NW region of 

Donegal was chosen for sedimentological logging and facies analysis for two 



Chapter 3   Methodology 

48 

reasons; i) numerous large sand and gravel pits provided the ideal environment for a 

detailed examination and interpretation of the deposits. In addition, sands and 

gravels exposed along the coast and along riverbanks were also logged and analysed, 

and ii) little academic attention had previously been paid to the glacial sediments in 

this region. The research area was organised into four regions based on the 

physiography, including Gweedore area in the south; Lough Neill Valley; Glasagh 

Lowlands and the Northern Coastline. 55 exposures were identified, described and 

analysed during fieldwork that was carried out during the summer months of 2007 

and 2008 (Figure 3.1). 

 

 

3.3.1. Sediment Logging  

 

An exposure at a particular site was selected based on i) its accessibility, ii) minimal 

overhanging or slumped material and iii) the volume of material exposed. Once an 

exposure was chosen the following information was recorded: i) the grid reference 

for the exposure site allowing a unique location code and name to be established, ii) 

the overall orientation and dimensions of the exposure, as well as the nature of the 

surrounding topography and vegetation and iii) the relationship between the 

exposure and other glacial features in the immediate vicinity. The exposure was 

photographed before cleaning. A trowel was used to remove the outer material and to 

create a fresh exposure. A clear and objective graphic representation of the exposure 

was undertaken so that the scaled logs and detailed sketches would give the overall 

impression of features through the sedimentary succession at that exposure. 

Sedimentary facies were described according to lithofacies classification of Miall 

(1977), Eyles et al. (1983) and Benn and Evans (1998) (Table 3.2). The exposure 

was photographed once more. 

 

 

3.3.2. Facies Analysis  

Facies analysis involved the careful sampling of the sedimentological data and the 

application and/or development of a model which best fits the various data  
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Figure 3.1 Ordnance Survey Ireland, Discovery Series, Sheet No.1 displaying the location of sediment 

exposures that were analysed during two fieldwork seasons; 2007 (represented in pink) and 2008 

(represented in yellow). The hashed and numbered boxes represents the four regions of the study area, 

1: Gweedore area, 2: Lough Neill Valley, 3: Glasagh Lowlands and 4: the Northern Coastline. 
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Table 3.2 Lithofacies types as used in section diagrams in Chapters 6-9 (adapted and modified from 

Miall, 1977; Eyles et al. 1983; Benn and Evans, 1998). 
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(Meehan, 1999). Information on lithological characteristics and textural 

characteristics was collected at each exposure. Data on lithological characteristics 

include the following: 

 

 Size  

The size of lithological units relates to the thickness and areal extent. Areal extent 

was very difficult to establish and was therefore not recorded. The thickness of the 

unit was determined by using a tape measure to calculate the vertical height. The net 

rate of sedimentation, the duration of processes and subsequent erosion after 

deposition are inferred from the size of the unit. 

 

 Contact Characteristics 

Contact planes evident between beds were observed and examined. The contact 

characteristics such as type (erosive or non-erosive), geometry and deformation of 

the contact plane were measured and recorded. Data on bed contact indicate sudden 

or gradual changes in sedimentation and, therefore, allows inference to be made 

concerning the transition from one sedimentary environment to another. 

 

 Particle Size 

A hand-lens was used to determine the dominant grain size for different beds and 

different facies following Tucker’s (1996) classification (Figure 3.2). Granulometry 

depends on parameters such as bedform, local flow regime and distance from the 

source, and reveals possible sedimentation mechanisms and palaeoflow directions 

(Brodzikowski and van Loon, 1991). 

 

 Clast Lithology 

The lithology of a sample was determined by taking the sample from the exposure 

and closely examining its colour, bedding structures, and grain-size, where possible. 

The lithology of one hundred clasts was recorded for each exposure. The data were 

plotted as a pie chart illustrating the principal rock types present at each sample site 

(See Appendix B). Information on lithology reveals source areas and possible ice 

flow direction. 
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 Sedimentary Structures  

Sedimentary structures were observed, examined, measured and sketched in the 

graphic sedimentary logs. Sedimentary structures reflect depositional mechanisms 

and palaeocurrent direction, particularly in relation to glaciofluvial sediments, and 

were incorporated into facies interpretation. 

 

 Deformation Structures 

Deformation was observed, measured and included into the sedimentary logs. A 

detailed analysis of deformation, including the frequency of occurrence, leads to an 

insight into the glacigenic processes that once operated during and/or shortly after 

initial deposition (Brodzikowski and van Loon, 1991). 

 

 Palaeocurrents  

Bed orientation was the directional indicator used in this study. Beds and lenses of 

sand were measured with regard to their orientation and dip. Prior to taking a 

palaeocurrent measurement, both the outer sediments and the sediments on top of the 

bed were stripped away with a knife so that the upper surface of the bed was visible. 

The angle of dip was measured by finding the strike (at right angle to the angle of 

dip: along the strike, if the bed is undeformed, the dip is 0°). From the strike, the 

Figure 3.2 Chart for estimating grain size of sands. 

From Tucker (1996). 
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orientation of the dip angle was measured to the nearest degree of azimuth, while the 

dip was read to two degrees. The data yield information on prevailing transport 

directions, the relative frequency of changes in the hydrodynamic regime and the 

dynamics of the depositional environment. 

 

Data on textural characteristics of a deposit were recorded, and included information 

on the following: 

 

 Sorting  

Sorting of the particle sizes was determined following Tucker’s (1996) classification 

where the degree of sorting was recorded on each graphic log (Figure 3.3). Levels of 

sorting reveal possible sedimentation mechanisms, direction of flow or distance of 

transport and variability of flow. 

Figure 3.3 Chart for visual estimation of sorting. From Tucker (1996). 

 

 Clast morphology 

The morphology or roundness concerns the degree of curvature of the corners of the 

clast. Fifty samples were used to determine the dominant degree of roundness of the 

clasts following Tucker’s (1996) classification (Figure 3.4). Clast morphology 

reflects the transport distance or degree of re-working of the sediment. 

 

 Fabric  

Fabric analysis was carried out on both diamicton and on stratified waterlain 

sediment using the standardised technique of Mark (1973). The orientation and dip 

of particles are measured with the aim of determining the flow direction of the 

depositing ice sheet and the provenance of deposited sediments (Andrews, 1971). 

For sampling of individual facies, sample points were randomly chosen and taken 
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Figure 3.4 Categories of roundness for sediment grains. From Tucker, (1996). 

 

from the same facies with particles having to be sufficiently large with a primary 

axis of at least 30 mm and an intermediate to primary axis ratio of at least 1.5:1 

(Gallagher, 1991). Prior to fabric analysis, the exposure was cleaned and the outer 

250 mm of material was removed in order to prevent slumped material being taken 

into account. Clasts were firstly removed from the exposure and the elongation ratio 

was measured. Secondly, the clasts were re-inserted into its cast for measurement of 

orientation and dip. Where the matrix was loose and did not permit the above 

procedure, the orientation and dip were measured with the clast in situ and the clast 

was then removed and the elongation ratio verified. Clasts orientation was measured 

along the major axis of suitable clasts by aligning a compass to the longest axis of 

the clast, and clast dip was measured using a clinometer. Fifty clasts were measured 

for each sedimentary facies. For gravel imbrication a similar technique was used 

where the orientation and dip are measured with the clast in situ and then the clast 

was removed. The dip of both the a-axis and b-axis was measured and the steepest 

axis was noted. The direction of dip of the steepest axis was then measured (as for 

till fabric analysis) and is regarded as the best indicator of mean flow direction 

(Bennett et al., 1999). Analysis of gravel imbrication was carried out for the same 

reasons as till fabric analysis; to determine the flow direction of the fluid medium, to 

determine sedimentary provenances, and to determine the environment of deposition 

(Bennett et al., 1999). The fabric data were plotted as 2D fabrics on rose diagrams. 

The rose diagrams (see Appendix A for rose diagrams for all sites sampled for fabric 

data) summarise clast orientations into five to ten intervals and displays the mean 

orientation of the facies. 
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Sedimentary sketches and logs taken in the field were supplemented by further data 

analysis in the laboratory, where photo montages were created for each exposure to 

obtain further sectional data and information on facies changes that might have been 

missing from the field sketches. 

 

 

3.4. Clay Mineralogy Analysis 

 

The identification of intensely weathered bedrock in NW Donegal represents a 

natural climatic archive that may be used as a potential proxy record for determining 

past palaeo-climatic conditions, landscape evolution and rates of geomorphological 

processes in the study area. A mineralogical investigation was undertaken, through 

X-ray diffraction analysis, to identify minerals that developed as a weathering 

product of specific climatic environments. 

 

X-ray diffraction analysis is a technique whereby minerals may be identified 

according to the characteristic spacing of their crystal lattice planes (d-spacing). X-

rays of fixed wavelengths are generated by bombarding a stationary or rotating solid 

target with high-energy electrons produced by a heated filament (Tucker, 1998). The 

X-ray beam is directed at the sample, which is motor driven to rotate at a regular 

speed in degrees per minute (Tucker, 1998). When mineral planes in the sample 

attain an appropriate angle, they will diffract the X-rays according to Bragg's Law: 

 

 

nλ = 2dsinθ 

 

where n is an interger, λ is the wavelength of the X-rays, d is the lattice spacing and 

θ is the angle of diffraction 

 

The diffracted beam then passes through various slits and a signal produced by the 

X-ray photons in the detector is first amplified and then passed on to an electronic 

recording equipment. The set of peaks produced for a particular phase can be used as 

a fingerprint to identify a specific form of crystalline material (Tucker, 1998). 
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Powder XRD is the x-ray diffraction technique that was used in this research. Five 

samples, distributed throughout the four regions of the study area, were collected and 

prepared (Plate 3.1) for analysis using the following method: 

 

Bulk samples were air-dried and then crushed manually to a powder grain size using 

a pestle and mortar, taking care not to over grind the sample in order to prevent 

damaging the crystalline structure (Plate 3.1). The material/powder was then sieved 

using a plastic sieve with an aperture of ~2 mm. 8-10 g of the powder was weighted 

and placed into a 100 cm
3
 graduated cylinder where it was diluted with deionised 

water. 1.5 ml of dispersing solution (25 g sodium hexametaphosphate in 250 ml 

H2O) was added using a pipette. The cylinder was placed into a vibration tank for 

five minutes and then left to settle (Plate 3.1). According to Stokes law, certain 

particles will settle out at different times with particles <2 μm settling to a depth of 

3.9 m after three hours. A pipette was marked at 3.9 cm and placed into the 

suspension at this depth to extract the 2 μm fraction. The clay suspension was then 

placed onto a slide, and the slide was left to dry for 24 hours. Each sample was 

analysed between 2° and 35° of 2θ to produce a trace of peaks characteristic of the 

minerals present. Computer software (Trace 4.0) was then used to view pre-

calculated d-spacing values for each peak. 

 

Dimethylsulphoxide (DMSO) treatment was then carried out to confirm the presence 

of kaolinite and to show if kaolinite was masking the signature of other minerals 

with similar lattice spacing such as chlorite (Brindley et al., 1980). The air-dried 

slides were placed in a desicator with a concentration solution of DMSO in the 

bottom. This was then placed into an oven at 120° overnight (Plate 3.1), then cooled 

and sent back into the XRD machine for analysis between 2° and 35° of 2θ. The 

DMSO is an organic complex that can go between the lattice planes forming 

kaolinite-dimethysulphoxide complex and moves the 2θ peaks on the XRD trace 

produced (Brindley et al., 1980).  

 

Glycol treatment was carried out to confirm the presence of illite/smectities 

(expandable clays) in the samples. Air-dried slides were placed in a desicator with a 

concentration solution of glycol in the bottom. The vessel was then placed into an 

oven at 120° overnight, then cooled and sent back into the XRD machine for analysis 
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Plate 3.1 Sampled material used in the clay mineralogy analysis from two different sites as 

shown in the top two photographs. The middle photographs show the bulk samples being 

crushed manually to a powder grain size using a pestle and mortar. The lower left photograph 

shows the diluted samples in the vibration tank while the lower right photograph displays the 

desiccator in the oven. 
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between 2° and 35° of 2θ. Glycol operates in exactly the same way as DMSO by 

expanding the lattice planes and moving the 2θ peaks in the XRD trace. 

 

The resulting XRD plots from the analysis shows scattering intensity versus the 

scattering angles or the d-spacing (see Appendix C for XRD traces for all five 

prepared samples). The peaks correspond to various d-spacings in the crystal lattice 

with the position and the intensity of the peaks used for identifying the underlying 

structures of the material. The relative abundance of the clay mineral fractions was 

semi-quantitatively determined by peak heights. 

 

 

3.5. Geophysical Analysis 

 

With a lack of good exposures into the sediment at Cronalaght Mountain, a 

geophysical survey was employed in order to determine the geophysical 

characteristics, depth and variability of the subsurface material. The geophysical data 

were then used to achieve a better understanding of the local sedimentological 

setting of the area, which aided in the construction of an evolutionary model of 

glaciation and deglaciation for this research. 

 

Geophysical surveying is a low cost, effective and quick method of obtaining 

information on the shallow subsurface, and its application to soft sediments and 

depth to bedrock mapping has been widely used, especially when the introduction of 

computer based data collection methods greatly improved the quality of collected 

data (Pellicer, 2010). The geophysical method employed was selected on the basis of 

its availability for the project and its suitability for delineation of sediment 

distribution, as well as depth to bedrock mapping. 2D resistivity surveys have been 

employed extensively in Ireland to map the subsurface down to depths of c. 40 m 

(Breen, 2003; Gibson and George, 2004; Caloca Casado, 2006), and a number of 

MA theses from the Department of Geography of National University of Ireland 

Maynooth, focused on the use of electrical resistivity techniques in the study of 

glacial and postglacial sediments (Callaghan, 2002; Doughan, 2004). Considering 
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these past case studies in conjunction with the aim of the survey and the nature of the 

site, electrical resistivity was the chosen geophysical technique used in this research. 

 

Electrical resistivity involves inputting current into the ground via two source 

electrodes and measuring the potential difference between two sink electrodes 

(Gibson and George, 2004). Electrical resistivity of a material is a measure of the 

resistance to current flow, which is derived from Ohm’s Law: 

 

R= V/I 

 

where R is the resistance, V is the potential difference across the resistor and I is the 

current passing through it 

 

 

The resistance of a material depends on the intrinsic property of the material called 

resistivity (Gibson and George, 2004). Therefore the electrical resistivity (ρ) of a 

material is defined by: 

 

     ρ = RA/L 

 

where ρ is the resistivity, R is the electrical resistance of a homogenous material, L is 

the length and A is the cross-area of the material 

 

 

There is no single unique resistivity value for a particular substance, but a range of 

resistivity values exist as the resistivities of various substances overlap and can range 

over orders of magnitude (Gibson and George, 2004). Many factors influence 

resistivity values, but the most important of these are water content and the 

constituent minerals of the material. Electrolytic conduction is the most important 

method through which current is transmitted. It requires the presence of water or 

pore fluid. Porosity and permeability of a material is also an important consideration 

with water-bearing fractures and pores displaying low resistivity. 

 

Current flows radially from an electrode within the area being surveyed forming a 

hemisphere (Figure 3.5). This hemisphere consists of lines of equal voltage called 

equipotentials that intersect lines of equal current at right angles. The current density 
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Figure 3.5 Electrode deployment to construct 2D electrical resistivity model using the Wenner 

electrode configuration. Red point recorded by electrodes in red, yellow point recorded by electrodes 

outlined in yellow etc. 

 

decreases with greater distances from the source (Reynolds, 1997). Current 

distribution varies depending on the depth “z” and electrode separation “a”. The 

parameter that is measured is known as the apparent resistivity, because it varies 

with the electrode array and it is a product of the resistance (R) and a geometric 

factor (K) related to the electrode spacing (Mussett et al., 2000). Wenner-

Schlumberger was the electrode array used in this survey. 

 

The aim of the resistivity survey was to create a model of true resistivity of the 

subsurface of Cronalaght Mountain. This required the apparent resistivity of the 

selected area to be measured. To do this, a multi-core cable 250 m in length, with 

twenty five electrodes connected to it at intervals of 10 m (10 m electrode spacing 

obtained the maximum penetration depth) was connected to a resistivity meter 

(Campus Geopulse System). A laptop with geophysical computer software, Image 

25, set the parameters for the survey and was connected to the console unit (Plate 

3.2). A battery was used to generate the current. Once the resistivity meter was 

switched on, the electrodes were activated and a current was generated with the 

voltage measured on the console unit. The survey began with a test to ensure there 

was good contact between the electrodes and the ground. A combined Wenner-

Schlumberger array was employed in this investigation with 157 readings obtained 

for each line. The programme sequentially used sets of 4 electrodes to obtain the data 

with subsequent increases in electrode spacing to obtain data from deeper within the 

ground. To determine variations in true resistivity with depth, RES2DINV 

programme was used for modelling the data. This software takes the measured 
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apparent resistivity of each electrode and calculates an apparent resistivity using the 

smoothness constrained least-square method inversion technique as an approach to 

reduce the Root Mean Square Error in an iterative fashion (Loke and Barker, 1996). 

Both the measured and calculated apparent resistivity models are then compared 

with the output model progressively altered so as to reduce the differences. 

Topography information was added so the model of true resistivity with topography 

could be generated. A total of six traverses were carried out and recorded as DonL1 

to DonL6 on the south facing slope of Cronalagh Mountain (Figure 3.6). 

 

 

3.6. Terrestrial Cosmogenic Nuclide Dating 

 

Establishing an ice sheet chronology offers an opportunity to assess the relationship 

between changes in external forcing and ice sheet dynamics in NW Donegal. The 

aim of Terrestrial Cosmogenic Nuclide Dating (TCND) is to: i) provide a constraint 

on the persistence of ice in the most western extremity of the study area by dating 

glacial landforms in the form of a glacial erratic boulder using 
10

Be and ii) to provide 

a suitable control point or cross-check for Schmidt hammer results. 

 

Árainn Mhór Island was chosen as the location for cosmogenic isotope analysis in an 

effort to address the lack of geochronological data for this area. Previous attempts  

Plate 3.2 Electrical resistivity meter Campus Geopulse used in 

geophysical survey. 
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Figure 3.6 Ordnance Survey Ireland, Discovery Series, Sheet No.1 displaying location of the 

resistivity survey area and the six survey lines on the southern slopes of Cronalaght Mountain. 
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have been made to establish age constraints for the former vertical and spatial extent 

of the Irish Ice Sheet in Donegal (Bowen et al. 2002; McCabe and Clark 2003; 

Ballantyne et al., 2007; Clark et al., 2008), yet none have taken into consideration 

the large islands just offshore that surround the Donegal coastline. Undoubtedly, 

such islands are located in the path of major ice flows during the Pleistocene and 

therefore should be included in any geochronological study. 

 

Surface exposure dating using cosmogenic nuclides is based on the assumption that 

boulders were transported by glaciers and were, since the time of the glacier retreat, 

exposed to cosmic rays without being moved from their present position (Favilli et 

al., 2009). Cosmic radiation interacts with the mineral composition of the boulders to 

produce in situ terrestrial cosmogenic nuclides. Exposure ages are determined by 

measuring the concentration of cosmogenic nuclides within the rock surface and then 

converting this concentration to an age using the average nuclide production rate for 

the period of exposure. Cosmogenic nuclide production rates vary temporally and 

spatially due to variability in the Earth’s magnetic field strength (Masarik et al., 

2001). However, standardised reference production rates, derived from the currently 

available scaling schemes using the global calibration dataset, have been derived by 

Balco et al. (2008) and were used in this analysis. 

 

Sample site selection was based on the following criteria: 

 

i) Boulders that had possibly been covered by till and boulders having evidence of 

upstanding veins, weathering pits and spalling were avoided because it would lead to 

an underestimation of the effective exposure time (Reuther et al., 2006). Ideally, the 

surface to be dated had to have been subject to minimal erosion and burial since 

formation (Fabel et al., 2010). 

 

ii) Only boulders with heights of ≥1.5 m on the top of bedrock were considered to 

ensure the highest possible geomorphological stability (Gosse and Phillips, 2001; 

Ivy-Ochs and Schaller, 2009). 
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iii) Boulders located by overlooking cliffs or rock overhangs were avoided to prevent 

topographic shielding which would result in reduced cosmogenic nuclide production 

in the surface. 

 

To meet the above strict sampling requirements, only one boulder large enough and 

in a suitable position for surface exposure dating was found on Árainn Mhór Island 

(Figure 3.7). The sample was removed from the flat (dip <10°) uppermost portion of  

 

 

 

the boulder using a hammer and chisel. Only the uppermost ≤5 cm of the boulder 

surface was used. Because of possible edge effects (Masarik and Wieler, 2003), 

marginal positions on the boulder were not sampled. Sample location was recorded 

using a hand-held GPS and altitudes confirmed from an OS topographic map. 

Sample thickness and weight were measured and recorded. 

 

The sample was then sent to the University of Glasgow Cosmogenic Isotope 

Laboratory at the Scottish Universities Environmental Research Centre (SUERC). 

There the sample was crushed to <710 µm grain size. Separation and purification of 

quartz were carried out following a modified version of the procedure given in Kohl 

and Nishiizumi (1992) and Schnabel et al. (2007). Beryllium extraction was 

undertaken following the method from Child et al. (2000). Beryllium isotope ratios 

of the sample were measured at the SUERC Accelerator Mass Spectrometry 

(Williams) Laboratory. The age was calculated using the CRONUS-Earth exposure 

age calculator v2.2 (http://hess.ess.washington.edu/math; Balco et al., 2008). The 

Figure 3.7 Map showing the location of Árainn Mhór Island with red point marking the sample site 

for Cosmogenic Nuclide Surface Exposure dating. The photograph on the right is a view of the 

boulder sampled. Note the chisel in the foreground for scale. 
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ages were obtained using the ‘Lm’ scaling scheme of Lifton et al. (2005), which 

provides the closest fit to existing calibration data, and the ‘Du’ or Dunai scaling 

scheme, which yields the oldest ages for the sample. Ages quoted in this thesis are 

those calculated using the Lm scaling scheme. There was no correction for snow 

coverage and an erosion rate of 1 mm ka
−1

 was used as erosion rates of glaciated 

crystalline rocks rarely exceed 1 mm ka
−1

(André, 2002). The effects of various 

scaling schemes and differing erosion rates are discussed by Ballantyne (2010), but 

they are not a significant factor here and would not significantly alter any of the 

research outcomes. 

 

To date the glacial landscape of NW Donegal entirely by the use of TCND would 

require a large sample size (>10 samples, pers. comm. Dr. Derek Fabel). Although 

possible, such an approach is impractical because of both cost and labour 

expenditure, as well as practical and conservation reasons precluding sample 

collection. Thus, Schmidt hammer measurements were chosen to be used in 

combination with Cosmogenic Nuclide dating in a new ‘multi-proxy’ approach to 

establishing an ice sheet chronology for the study area. 

 

 

3.7. Schmidt Hammer Analysis 

 

The aims of the Schmidt hammer study are to: i) provide relative exposure ages for 

the glacial landforms of NW Donegal, and ii) allow a comparison of absolute and 

relative dating methods used for the first time in combination in an irish context. 

 

The Schmidt hammer was chosen as a relative dating technique because it has close 

links with Cosmogenic Nuclide dating, with both techniques focusing on boulder 

surfaces. It is also a relatively cheap, robust, portable instrument that is easily 

applied and produces immediate results. The N-type of Schmidt hammer was 

employed as it is the most commonly used type by geomorphologists, providing data 

on a range of rock types from weak to very strong with compressive strengths that 

range from 20 to 250 MPa (Goudie, 2006). 
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The potential of the Schmidt hammer as a relative-age dating technique has only 

recently been recognised but has already proven to be a valuable tool by its 

successful application on: moraine boulders in southern Norway (Matthews and 

Shakesby, 1984); lateral and frontal moraine sequences on Strauchon Glacier, New 

Zealand (Winkler, 2009); glaciated rock surfaces in Norway (McCarroll and Nesje, 

1993; Matthews et al.,1986; Winkler, 2003; Winkler et al., 2003; Shakesby et al., 

2004) and elsewhere (Winkler and Shakesby, 1995; Evans et al., 1999; Winkler, 

2000, 2005; Awasthi et al., 2005); periglacial trimlines in southeast Ireland (Rae et 

al., 2004); rock glaciers and protalus ramparts in Ireland and elsewhere (Humlum, 

1998; Shakesby et al., 1987; Anderson et al., 1998); avalanche-related deposits 

(Nesje et al., 1994; Christiansen et al., 2002; Clark and Wilson, 2004); patterned 

ground (Cook-Talbot, 1991); alluvial fans (White et al., 1998); fossil shorelines 

(Matthews et al., 1986; Sjöberg, 1990; Sjöberg and Broadbent, 1991; Haslett and 

Curr, 1998; Trenhaile et al., 1999); raised beaches (Sjöberg, 1990) and lake 

shorelines (Matthews et al., 1986).  

 

The hand-held instrument was impacted against a rock surface, where its piston was 

automatically released onto the plunger. The impact penetration resistance (i.e. the 

hardness) of the sampled surface enabled the piston to rebound (Goudie, 2006). The 

distance travelled by the piston after it rebounded is called the Schmidt hammer 

rebound value (R). This value is shown by a pointer on a scale on the side of the 

instrument which is then recorded. The instrument measures, therefore, the elastic 

recovery, which depends on the mechanical strength of the surface (Day, 1980). 

 

The chronological application of the Schmidt hammer assumes that the R-values are 

a measure of time-dependent changes in degree of weathering of a rock. The 

technique assumes that as a rock weathers, chemical changes and the formation of 

near-surface microfractures combine to reduce surface hardness and compressive 

strength. Therefore, in simplified and general terms, the harder the rock, the higher 

the R-value and by extension the younger the surface exposure age. 
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However, R-values can be influenced by a number of factors other than rock 

hardness. To minimise such potential sources of error the following steps were 

taken: 

 

i) Original bedrock hardness is the most prominent source of error, therefore, 

Schmidt hammer measurements were restricted to one specific rock type. 

 

ii) The majority of measurements were taken with the hammer held horizontally, 

perpendicular to the intact test surface as gravitational forces, to varying degrees, 

may affect R-values. However, where this was not possible, non-horizontal rebound 

values were normalized with reference to the horizontal direction according to the 

manufacturer's guidelines and cross-referenced using Aydin and Basu (2005) 

normalization methods. 

 

iii) Schmidt hammer measurements were always made on rock surfaces that were 

stable and free of lichen, moss or any other vegetation. Bedrock surfaces were not 

always free of peat, moss or other vegetation and therefore were excluded from this 

study. 

 

iv) The test is sensitive to moisture content, especially in weak rocks (Sumner and 

Nel, 2002). Therefore only dry rock surfaces were used. 

 

v) Boulders containing cracks, fissures or other discontinuities were avoided. 

However, where this was not possible, measurements were taken with a minimum of 

6 cm distance from any joints or cracks. All measurements were taken 50 cm from 

the edge of the rock sample. 

 

vi) In order to control operator variation, all the measurements were taken by the 

same operator. 

 

vii) The block mass of the rock to be tested is significant. Therefore only boulders 

greater than 1 m in diameter were used. 
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The Schmidt hammer technique was applied to 163 granite boulders occurring at 32 

sites throughout the entire study area ranging in altitude from 3-401 m a.s.l (Figure 

3.8). Petrographical variations were not recorded, however, every effort was made to 

insure all samples had similar grain sizes. 10 R-values or hammer impacts were 

taken randomly on the horizontal surface of each boulder following the methodology 

of Day and Goudie (1977). The entire study is based on a total of 1,630 individual R-

values. The weathering surface of each boulder was noted and classified into the 

following groups: fresh surface with no sign of weathering; slightly weathered 

surfaces having little discoloration; and moderately weathered surface having 

discoloration and grus surface according to Gupta et al. (2009). These notes were 

later used to check against any unexpected geochronological results. 

 

All raw data underwent standard statistical treatment following the guidelines 

presented by Matthews and Shakesby (1984) and extended by Moon (1984). 

Frequency distribution was plotted as well as mean R-values and altitude, with 

similarities and differences noted. The mean, standard deviation of the recorded 

readings, standard error of mean (S.E.) and 95% confidence intervals were 

calculated. The resulting mean R-values were compared for each measurement site. 

 

 

3.8. Summary 

 

This research incorporates a broad range of conventional geological techniques from 

the use of DEM's for morphological mapping, recording of exposure data, laboratory 

sample analysis and electrical resistivity geophysical application. Furthermore, the 

combination of absolute and relative dating methods is also described and proposed. 

The theoretical background for the methods used in this research was presented and 

a systematic methodology for data collection and data processing was discussed. 

Important consideration was given to choosing methods for this research that 

complement one another so that the resulting dataset provided by the combined 

methods would greatly improve the accuracy of the reconstructed model for 

glaciation and deglaciation in the research area. 
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 Figure 3.8 (A) Map showing the location of the Schmidt hammer survey area marked with red boxes. (B) Map of Árainn Mhór Island with Schmidt hammer sample sites 

marked in red. (C) Map showing Schmidt hammer sample sites marked in red taken throughout NW Donegal. Photographs showing the type of boulders used in the survey. 
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4. Chapter 4. LANDSCAPE AND 

LANDFORM MAPPING  

 

4.1. Introduction 

 

A hierarchical approach has been taken to the mapping and the classification of the 

glacial morphology of the study area. At the landscape scale, the landscape 

characterisation map is an attempt to visualise the topographic features in a regional 

context. At the intermediate scale, the mapped glacial morphology provides an 

overview of the distribution of landforms, and helps improve our understanding of 

the palaeo-glaciology of the study area. At a local, or land element scale, the 

representation of individual segments of landforms too small to be recognised by 

DEM or large scale mapping, is presented to ensure that even the finest scale 

landforms produced by the ice sheet are considered. 

 

 

4.2. Landscape Characterisation Mapping 

 

The study area, covering 1240 km
2
, resembles a unique network of regionally 

associated glacial landforms that relate to past ice sheet activity. The geomorphology 

is a distinct signature of glacier erosion and deposition, and its classification at a 

regional scale sheds light on the links between glacier dynamics and landscape 

evolution (Benn and Evans, 1998). Areas have been identified that have a 

recognisable and consistent pattern of elements that make them different from the 

rest of the landscape of NW Donegal. Thus, the Landscape Characterisation Map 

(Map 1 at the end of this section) is a cartographic representation of the landscape 

types present in the study area. Four specific landscape types, geographically unique 

with their own individual character, have been identified; 
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 glacially scoured topography, 

 glacially dissected topography, 

 smooth topography, 

 glacigenic material/depositional topography. 

 

In this section, each of these classes will be assessed, described and interpreted in an 

effort to identify and examine the interaction of physical influences (underlying 

geology, topography, ice sheet properties) that have shaped the landscape of the 

study area. 

 

 

4.2.1. Glacially Scoured Landscape  

 

Description 

The landscape of areal glacial scouring is the largest and most extensive, covering 

795 km
2
 of the study area (Figure 4.1). It occurs primarily in the mountainous 

massifs in particular; Muckish, Aghla More, Aghla Beg and Errigal to the east; 

Tievealehid, Carntrenna and Cronalaght to the west; Bloody Foreland to the north; 

and parts of the Derryveagh Mountains to the south. This landscape type also occurs 

throughout the west of the study area, across the low relief (<100 m a.s.l.) of the 

Rosses. It exhibits a moulded and scoured appearance comprising widespread tracts 

of bare eroded ‘fresh’ bedrock, minimal weathered regolith, montane heath 

vegetation, rock knobs, roches moutonées, crag and tails, over-deepened rock basins 

and a high density of lakes especially across the Rosses. Bedrock cliffs occur in 

numerous locations along the mountain massifs, particularly on valley sides and hill 

summits which are most common in the east and central parts of the study area, in 

particular along the Muckish and Aghla Beg valleys. 

 

Interpretation 

The widespread evidence for plucking and abrasion in the landscape of areal 

scouring suggests that it developed beneath warm-based ice in situations where flow 

was laterally extensive. The underlying geology may have influenced the 

development of this landscape type. It is evident from the mapping programme that 
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rock basins are located where less competent rock crops out, while the opposite is 

the case for knolls . 

 

 

4.2.2. Glacially Dissected Topography 

 

Description 

 

Glacially dissected topography, occupying 72 km
2
 of the study area, is confined to 

the highest elevations in the centre of the Derryveagh Mountains (500-700 m a.s.l.) 

(Figure 4.2). The mountains above the Barra and Beagh valleys are highly dissected, 

Figure 4.1 The landscape of glacial scour is the largest and most extensive in NW Donegal, covering 

795 km
2
 of the study area. This landscape type occurs in the mountainous massifs and across the low 

relief of the Rosses. 
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typified by rough topography, unmodified high level plateau surfaces, bouldery 

crests, deeply incised amphitheatre valley heads, steep slopes and narrow valley 

floors. A radial network of small deeply incised bedrock troughs exists where the 

largest, deepest and characteristically U-shaped troughs are located on the southern 

side of the mountains, creating the parallel-sided valley now occupied by Lough 

Barra and Lough Beagh. The troughs are mainly orientated in a NE-SW direction 

and are aligned to the Leannan Fault line. 

 

Interpretation 

This landscape type represents an area where the intensity of modification of the 

landscape by the ice sheet is locally high, yet selective. The unmodified plateau 

surfaces and rough topography usually corresponds to zones of frozen basal ice 

associated with a relatively thin ice sheet (Glasser, 1995). However, it is apparent 

that within such cold-based zones, relatively warm-based areas may have existed 

particularly in topographic depressions (Sugden, 1978). Glacial erosion and down-

Figure 4.2 Glacially dissected topography, occupying 72 km
2
 of the study area, is confined to the 

highest elevation of NW Donegal in the centre of the Derryveagh Mountains. 
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cutting were likely to have been confined to these depressions or troughs where 

thicker ice existed. As a result, selective linear erosion coincided with zones of basal 

ice that were warm-based in over-deepened topographic depressions but were 

flanked by cold-based ice on the highland interfluves (Menzies, 2002). 

 

 

4.2.3. Smooth Topography 

 

Description 

The juxtaposition of rough glacially dissected topography to the north and smooth 

terrain to the south in the Derryveagh Mountains is a striking characteristic of NW 

Donegal (Figure 4.3). Separated by the deep valley occupied by Lough Barra and 

Lough Beagh, the smooth topography occupies 265 km
2
 of the study area. It is 

characterised by the polished and rounded appearance of the mountainous terrain, as 

shown in (Figure 4.4). 

 

 

 

Figure 4.3 The smooth topography of the study area is located primarily in the mountainous 

terrain of NW Donegal. 
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Interpretation 

Variations in lithological structure at the ice sheet base may have given rise to 

contrasting landscapes. The smooth and polished terrain is underlain by 

metamorphic rock while igneous bedrock characterises the rough glacially dissected 

landscape to the north, as shown in Figure 4.5. The softer beds will likely have been 

eroded more easily than hard erosion-resistant rock, both of which are separated by 

the Leannan Fault Line. Also, the smooth topography possesses less geological 

structures where the smoothness of the surface possibly relates to the poor 

development of bedding, folds, and faults. Ice dynamics may also have played a 

prominent role in creating a smooth landscape. Simply put, warm ice will slide more 

Figure 4.4 Rough glacially dissected topography to the north and smooth terrain to the south 

(demarcated by the red boundary line) in the Derryveagh Mountains, separated by the deep valley 

occupied by Lough Barra and Lough Beagh. Leannan Fault line marked in yellow. Scale: gridmarks 

at 5 km.  

N 
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readily, resulting in more erosion than if the ice is frozen to its bed. The smooth 

terrain may be characterised by basal ice at the pressure melting point, producing 

subglacial water which leads to basal sliding across much of its area smoothing the 

landscape as it proceeds. This ice is effectively warm-based. Contrasting to this, 

cold-basal ice may have restricted ice flow due to slow internal deformation and 

limited subglacial erosion and deposition. As a result, the lower modification to the 

landscape may have enabled a rough topography to endure. 

 

 

Figure 4.5 Variations in the underlying geology of NW Donegal may have given rise to contrasting 

landscapes. The smooth terrain is underlain by metamorphic rock while igneous bedrock (granite) 

characterises the rough glacially dissected landscape to the north. 

N 
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4.2.4. Glacial Depositional Landscape 

 

Description 

The main regions of glacial deposition and restricted glacial erosion are the coastal 

lowlands and the valleys within the highlands, accounting for 331 km
2
 of the study 

area. The coastal lowland stretching between Bloody Foreland and Tievealehid 

Mountain is the largest area (70 km
2
) of widespread glacial deposition (Figure 4.6).  

 

This region is marked by gently undulating topography with smooth slopes where 

forms of glacial erosion are poorly developed. The landscape is generally covered by 

glacial till, although isolated rock outcrops appear at the surface. Till thickness 

ranges from 1-10 m. Glacigenic material also occupies the highland valleys, 

Figure 4.6 Glacial deposition occurs along the coastal lowlands and the valleys within the highlands, 

accounting for 331 km
2
 of the study area. 
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particularly in the Glendowan Mountain, with the valleys of Beagh, Gartan and 

Deele characterised by subglacial landforms. 

 

 

4.2.5. Further Commentary 

 

The mapping programme has shown that four coherent geographic areas make up the 

landscape of NW Donegal, i.e. i) moulded and scoured terrain of the highlands and 

the Rosses; ii) unmodified plateau surfaces of the central portion of the Derryveagh 

Mountains in conjunction with over-deepened topographic depressions; iii) 

smoothed landscape of the southern portions of the Derrveagh Mountains, and iv) 

gently undulating topography in the northwest of the study area. 

 

The landscape characterisation map incorporates a variety of topographic types, 

including the coastal lowland surrounding the Atlantic Ocean in the west and 

northwest, the high-level plateau of the Derryveagh Mountains in the centre and the 

major valleys of Lough Nacung, Barra and Beagh. As a result, the variable 

topography is considered a first-order influence with lithological structure playing an 

important role in determining the landscape categories present in the study area. 

 

The landscape categories provide a valuable insight into the dynamics of the ice 

sheet. Each category reflects portions of glacial modification which in turn can be 

used to model the basal thermal regime of the former ice sheet. The area's most 

heavily affected by glacial erosion occur in the west of the study area. Widespread 

evidence for erosion decreases eastwards and is gradually replaced by zones of 

selective linear glacial erosion. This may reflect a transition from warm-based thick 

ice to zones of thin inactive ice frozen to the substrate. 

  

The classification of the glaciated landscape of NW Donegal is an attempt to 

understand the topographic features in their wider, landscape-scale context. It has 

highlighted the interlinking of physical processes (pre-existing topography, geology, 

ice sheet morphology, basal thermal regimes and ice flow rates) at the broadest scale 

to reconstruct the landscape patterns. 
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Map 1: Landscape Characteristisation Map of NW Donegal 
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4.3. Intermediate Scale Glacial Geomorphology  

 

Another outcome of the mapping programme is the Glacial Geomorphology Map of 

NW Donegal (Map 2 at the end of this section). Following the procedures outlined in 

the previous chapter, it is believed that this map is a thorough, consistent ‘complete’ 

documentation of the glacial landforms of NW Donegal. The glacial features are 

categorised and described under the following headings: 

 

i) subglacial bedforms 

ii) moraines and meltwater landforms 

iii) hummocks, kame terraces, kettle holes and fossil shorelines 

 

with Maps 3 and 4 (at the end of this section) reflecting the above categorisation. All 

bedform patterns and bedform morphologies are important for ice sheet 

reconstruction since different landforms provide different palaeo-glaciological 

inferences (Clark and Meehan, 2001). Subglacial bedforms have been mapped 

because their size, form, gross orientation and distribution (spatial properties) 

provide critical evidence for the complex interplays between subglacial deposition, 

erosion, subglacial sediment transport and ice sheet limits (McCabe, 2008). 

Moraines and meltwater landforms, meanwhile, are a snapshot record of ice flow, 

and constrain the pattern of ice marginal retreat during deglaciation. 

 

 

4.3.1. Mapping Results: Subglacial Bedforms 

 

Drumlins, streamlined bedrock and crag and tail features constitute the subglacial 

bedform category and are displayed in Map 3 (at the end of this section). Subglacial 

bedforms constitute 32% of the total area of the field site. The length of individual 

lineations mapped range from 143-2148 m. 
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4.3.1.1. Drumlins 

 

Description 

Drumlins cover only a small percentage of the total area (1.44%) with 68 bedforms 

mapped in total. Their size ranges from 200-1000 m in length and they display a 

wide variety of morphologies from classic, circular, elongate and narrow spindle 

shapes. The drumlins stand independently and are not superimposed on any other 

feature. They show a high degree of parallel conformity and overall coherence but 

are not evenly distributed across the field site. Swarms or fields of drumlins are 

evident with the majority of drumlins (87%) occurring to the southeast, east and 

northeast of the study area.  

 

Drumlin orientation is not consistent. 64% of the drumlins (predominantly in the 

southeast and east of the field site) record a NE-SW flow which contrasts in the 

north and west of the field site where long axes trend principally in N-S direction as 

shown in Figure 4.7 and Figure 4.8. Flowlines are confined to lower elevations 

where they reach maximum elevations of 155 m a.s.l. Drumlin orientation suggests 

that flow was down-valley, and lineation length gradually increases in the 

downstream direction. This is expected as greater basal velocities more distal from 

the ice divide should produce longer lineaments (Clark, 1993). The distribution of 

drumlins to the west of the field site is sparse with a presence of only 10.3% of the 

total drumlin population in this area. 

 

Interpretation 

The distribution of drumlins reveals information on ice sheet characteristics and 

behaviour in this region. Drumlin morphology, density and occurrence indicate that 

the properties of the substrate may have played a role in their genesis. The presence 

of swarms of drumlins to the southeast, east and northeast of the field site is 

indicative of warm-based ice with an ice divide positioned some distance up-ice as 

bedforms cannot be generated beneath or close to ice divides because basal velocities 

are too slow (Clark and Meehan, 2001). The presence of drumlins with subtle change 

in lineation patterns record ice sheet reorganisation in the form of changes in the 

location of the ice divide and flow geometry of the ice sheet at different times across  
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Figure 4.7 Drumlin orientation is not consistent in the study area. The drumlins in the 

southeast and east record a northeast-southwest flow which contrasts with the north and west 

of the field site where drumlins trend in north-south direction (Figure 4.8). Scale: gridmarks at 

5 km. See Appendix E1 for the un-annotated image.  
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Figure 4.8 Drumlin trend in north-south direction in the north and west of the study area. Scale: 

gridmarks at 5 km. See Appendix E2 for the un-annotated image. 
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this area. This strong flow convergence through the valleys indicates that topography  

exerted a strong control over the ice surface slope, guiding ice flow geometry and 

through this the bedform distribution. Topography represents a first order control, 

above glaciology, and permits a thin ice sheet in this region to be envisaged at the 

time of drumlin formation. Drumlin development also appears to be lithologically 

controlled, in tandem with the topographical control previously outlined. Frequency 

distribution shows a preference for metamorphic bedrock with an almost complete 

avoidance of igneous geological substrates, suggesting that drumlin density is also 

controlled to some extent by lithology. Where drumlins occur on substrate composed 

of crystalline igneous lithologies, they appear to be longer and narrower. However, 

known clustering with regard to ice sheet properties makes any observed clustering 

with regard to lithology more likely a fortuitous product of ice sheet palaeo-

geography than a real lithological control upon drumlin generation (Greenwood and 

Clark, 2010). The sparse distribution of drumlins to the west of the field site cannot 

be attributed to the effect of elevation, topography or lithology on bedform 

generation as most of the area is below 75 m a.s.l. However, the absence of 

bedforming is not indicative of the absence of ice, merely conditions in the 

subglacial environment which are not conducive to moulding the substrate into 

bedforms (Greenwood, 2008). Slow ice velocities during phases of ice retreat have 

guaranteed that drumlins on the landscape in NW Donegal have survived and been 

preserved with no new bedforms being generated in their position. 

 

 

4.3.1.2. Crag and Tail  

 

Description 

Crag and tails occur to the north of the study area constituting just 3% of all 

subglacial bedforms recorded in the study area. Despite this, their large size gives the 

landscape a highly streamlined overall appearance. They range in height from 560-

750 m at the stoss end and stretch for distances of 855-2150 m. Field mapping has 

shown that such elongate forms occur in clusters with the mountains of Errigal, 

Altan, Aghla More and Aghla Beg providing the bedrock protrusion or crag, as  
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shown in Figure 4.9. The crags have been moulded in the down-ice direction 

reflecting a large bedrock-cored tail. Measured elongation ratios of the crag and tails 

range from 2:1 to 3:1 with the height of the crags directly correlating to the length of 

tails, such as is the case for the Errigal crag (750 m) and tail length (2148 m), Aghla 

More crag (584 m) and tail length (1215 m) and Aghla Beg crag (564 m) and tail 

length (1048 m). Tail height and width diminishes rapidly along their length. The 

crag and leeside tail indicates flow direction to the north which conforms to the main 

drumlin flow pattern in the adjacent area. The tails have not been dissected or 

Figure 4.7 Crag and tails occur to the north of the study area constituting just 3% of all subglacial 

bedforms recorded in NW Donegal. Line indicates ice flow direction. Scale: gridmarks at 5 km. 

See Appendix E3 for a zoomed-in and un-annotated image. 
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partially eroded by postglacial fluvial erosion. The crag and tails have formed 

exclusively on metamorphic lithologies. 

 

Interpretation 

The crag and tails are the product of preferential glacial erosion of the surrounding 

substrate and have left a prominent, more resistant core aligned in the direction of ice 

flow. 

 

 

4.3.1.3. Streamlined Bedrock 

 

Description 

Glacially sculpted bedrock comprises the greatest number of subglacial bedforms 

recorded, with over 75 features evident in the study area. Such features take the form 

of symmetrical hills with glacially abraded surfaces on both up-ice and down-ice 

faces. These small- and medium-scale bedforms, often referred to as 'whalebacks', 

add to the strongly streamlined overall appearance of the landscape. The distribution 

of streamlined bedrock is concentrated to the north of the study area and forms a 

down valley extension of the crag and tails (Figure 4.10). The bedforms are confined 

to lower elevations only ever reaching a maximum elevation of 155 m a.s.l. 

Streamlined bedrock features converge from the Carntreena and Errigal Mountain 

valley and from the Errigal and Altan valley and move in a strong uniformed 

northward direction through the wide topographic trough of Croghaneely to the 

coastline. 

 

Interpretation 

Topographic control over ice flow as evidenced by streamlined bedrock is shown in 

the Croghaneely Trough. The mountainous massifs present on either side of the 

trough aided the funnelling of ice flow and hence differentiate this flow corridor 

from neighbouring sections of the ice sheet. Ice flow was also influenced by the 

surrounding topography in the west of the study area, where streamlined bedrock 

record the ice sheet being channelled by Crocknafarragh and Crovehy North 

Mountains as ice flowed north-westwards offshore (Figure 4.11). 
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Figure 4.8 The distribution of streamlined bedrock is concentrated to the north of the study area and 

forms a down valley extension of the crag and tails. Line indicates ice flow direction. Scale: 

gridmarks at 5 km. See Appendix E4 for a zoomed-in and un-annotated image. 
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Figure 4.9 Streamlined bedrock record the ice flow channelled by Crocknafarragh and Crovehy 

North Mountains as ice moved north-westwards offshore. Scale: gridmarks at 5 km. See 

Appendix E5 for a zoomed-in and un-annotated image. 
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4.3.1.4. Further Commentary 

 

The first glacial maps of NW Donegal were not much more than schematic images 

of glacial features, displaying much generalised information but little detail 

concerning landform morphologies, arrangements and patterns across the ice sheet in 

this region (Close, 1867; Hull, 1878; Kilroe, 1888; Lewis, 1894). Charlesworth 

(1924) was the first to provide (and remains as the most complete synthesis) a 

countywide consistent glacial landform map which provided the basis for Synge and 

Stephens (1960), Stephens and Synge (1965), Synge (1969, 1970), Colhoun (1970, 

1971) and Stephens et al. (1975) glacial maps and ice sheet reconstructions. 

Charlesworth’s map continues to be reproduced and has since appeared in numerous 

publications with minor modifications (Boulton et al., 1977; McCabe, 1987, 1995; 

Knight et al., 2004; Ballantyne et al., 2007; McCabe et al., 2007). This section 

compares and contrasts the new subglacial bedform record presented here with the 

existing glacial maps and literature for NW Donegal. The following discussion is 

centred on i) what new information is revealed and ii) what elements of previously 

produced glacial maps of NW Donegal are verified and supported by this repeat 

mapping programme. 

 

It appears that the location of bedforms is consistent in the new subglacial bedform 

map and the existing datasets. A good example of this is the drumlin swarms exiting 

the Glendowan Mountains to the southeast of the study area shown both on 

Charlesworth (1924) (Figure 4.12) and Synge’s (1969) glacial map of Donegal. 

Apart from their cartographic representation, little detail has previously been 

provided concerning drumlin morphology and pattern. Drumlin arrangement was 

poorly understood, with a lack of information provided on landform distribution, 

their density and their spatio-temporal relationships (Greenwood and Clark, 2009). 

In addition, the degree of consistency in the spatial properties of individual 

landforms was rarely used to assist interpretations of the behaviour 

(streaming/retreating) of the flow pattern they represented (Clark, 1999). Apart from 

stopping short on the bedform morphometric and spatial parametric analysis, 

bedform patterns have now been mapped where in the past they were not recognised.  
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Striations orientated in north and north northwest direction have previously been 

documented by Charlesworth (1924) and Synge (1969) in the Croghanelly Trough. 

The new map reveals a greater density of streamlined bedrock aligned in the same 

direction in this area. The crag and tail features stemming from Errigal, Altan, Aghla 

More and Aghla Beg have never previously been documented and record a 

northward palaeo-ice flow pattern. Northward trending drumlins in the west of the 

study area are a new discovery, adding to, and consistent in orientation with, the 

large number of striations mapped by Charlesworth (1924) in this region. 

 

Despite the availability of high-resolution data and technological progression in 

cartography from traditional pen and ink to computer applications, the major 

bedform patterns in NW Donegal have long been established. Charlesworth's 

detailed mapping of striations (in the west of the study area throughout the Rosses) 

and drumlin bedforms (southeast of study area exiting the Glendowan Mountain 

Figure 4.10 Location of bedforms is consistent in Map 3 at the end of this chapter and the existing 

datasets. A good example of this is the drumlin swarms exiting the Glendowan Mountains to the 

southeast of the study area shown both in diagram A, adapted from Charlesworth (1924), and in 

diagram B, exert from Map 3 at the end of this chapter. 

A 

B 

N 

N 



Chapter 4  Landform Mapping 

91 

massifs) in particular have been verified through this repeat survey and have been 

added to by way of a detailed description of their morphology and pattern. 

 

In addition to the reproduction of the record itself, models interpreted from the 

glacial record have also been reproduced. The presence of drumlins with subtle 

change in orientation recording a northeast-southwest flow in the southeast and east 

of the field site, changing to a north-south direction in the north of the field site show 

converging flow from the valleys of Beagh, Gartan and Deele. Such shifting 

flowlines indicate changing ice divide positions and reflect a mobile and dynamic ice 

sheet. The high degree of topographical control indicates ice thinning, becoming 

increasingly influenced by the underlying topography and ice sheet fragmentation 

into numerous local ice-caps and glaciers. This confirms Charlesworth’s (1924) 

glacial model of Donegal where he inferred an orderly withdrawal of ice back into 

the centres of ice dispersal in the Donegal Mountains, with a continuous ice sheet 

being replaced by a number of large detached lobes and valley glaciers which retreat 

semi-independently, namely, Mulroy, Sheephaven, Glenna, Rosses and Dunlewy 

Glaciers. The drumlins mapped in this thesis can be attributed directly to the 

Sheephaven and Mulroy valley glaciers. 

 

 

4.3.2. Mapping Results: Moraines and Meltwater 

Landforms 

 

Field mapping has shown that bedrock occurs at the surface across 77% of the study 

area leaving only small isolated patches of till. The northwest of the study area 

comprises the largest zone of glacigenic material, and thus the majority of bedforms 

mapped for ‘The Moraine and Meltwater Landform Map’ (Map 4 at the end of this 

section). This map records the occurrence of moraines, meltwater channels, 

hummocks, kame terraces, kettle holes and fossil shorelines. When combined, such 

landforms construct a sequential pattern of ice retreat and allow inferences on 

palaeo-ice dynamics to be made.  

 



Chapter 4  Landform Mapping 

92 

4.3.2.1. Moraines 

  

Description 

In total 23 moraines were mapped and were classified into large or small ridges that 

have morphologically distinct features. Both large- and small-scale moraines mostly 

occur at the lowest elevations between 0-155 m a.s.l. but are also distributed in 

association with mountainous massifs (Derryveagh Mountains) or around coastal 

lowlands, as shown in Figure 4.13. 

 

The two large moraine belts occur exclusively at the coastal lowland regions; “the 

western moraine belt” occurs along the western coastline in the lowlying plain 

between Bloody Foreland Mountain and Tievealehid Mountain and “the eastern 

Figure 4.11 Moraines mapped in NW Donegal. They are not evenly distributed throughout the 

study area. The large moraine belts are shown in green while yellow demarcates the small moraine 

ridges. Scale: gridmarks at 10 km. See Appendix E6 for a zoomed-in and un-annotated image of 

the large moraine belts and E7 for the small morainic ridges. 
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moraine belt” occurs along the northern coastline stretching from Aghla 

More  

 

Mountain to the coast. Both moraines have a subdued topography and occur as 

single-crested, low (0-100 m a.s.l.), wide (980-2100 m), discontinuous ridges that are 

arcuate in shape. Ridge thicknesses do not vary over distance while ridge lengths 

range from 1100-6800 m. Their surfaces are smoothed and rounded with no evidence 

of sharp crestlines, post-glacial dissection or furrowing. The western moraine belt is 

distinct from the eastern moraine belt as it has a smaller ridge located on the outside 

of the main ridge. This ridge dams three small lakes. Both the western and eastern 

moraine belts are parallel to glacially streamlined bedforms and trend in a north-

south direction. 

 

The smaller moraines are smaller both in length (ranging from 48-1183 m) and width 

(151-233 m) than the large morainic belts. Clustering of smaller moraines occurs 

with the first cluster concentrated in the lowlying plain between Bloody Foreland 

Mountain and Tievealehid Mountain. In total, seven moraines are recorded here with 

lengths varying between 150-1185 m. The ridges are narrow and sinuous in shape. 

The second cluster comprises twelve small, subhorizontal moraine ridges situated on 

valley sides or mountain slopes of Derryveagh and Errigal. Most of the valley-side 

moraines are generally single, relatively straight ridges that vary in size from 90-274 

m. The ridges are not vertically separated and all occur at approximately the same 

elevation with no evidence for the ridges to cross the valley floor. 

 

Interpretation 

Based on morphology and topographical setting, the large moraine belts are 

interpreted as latero-frontal moraines formed during deglaciation. They chart the 

punctuated retreat inland of a large grounded ice lobe of the main ice sheet. The 

small moraines are interpreted as ice-marginal in origin, formed by an oscillating ice 

margin during deglaciation. They represent former ice marginal positions as the ice 

retreated into the Derryveagh and Glendowan Mountains. 
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4.3.2.2. Meltwater Landforms 

 

Description 

The total number of features mapped for the Moraine and Meltwater Landform Map 

was 309 and the bulk of these (73%) were meltwater landforms with 225 meltwater 

channels identified and mapped (Figure 4.14). It was difficult to differentiate with  

 

 

confidence the types of meltwater channels present in NW Donegal from the 

resolution of the DEM, so channels were identified as either generic meltwater 

channels or lateral meltwater channels. Meltwater channels have a more extensive 

overall coverage than subglacial bedforms. They have penetrated deep into the 

mountain massifs (up to elevations of 360 m a.s.l.) where other bedforms are sparse. 

Figure 4.14 Meltwater channels have an extensive overall coverage where they penetrate deep into 

the mountain massifs of the study area where other bedforms are sparse. Scale: gridmarks at 10 km. 

See Appendix E8 for a zoomed-in and un-annotated image of the meltwater channels and E9 for the 

lateral meltwater channels. 
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It is apparent from their distribution that their coverage is patchy with a high density 

of channels occurring in some areas, while other areas, often immediately adjacent, 

are devoid of channels. An example of this is Croaghaderry Highland where a zone 

of meltwater channels is located on the west while a gap in the meltwater record is 

notable to the east of the same high ground (Figure 4.16). Laterally meltwater 

channels are confined to encircling the mountain massifs. All other meltwater 

channels are recorded at low relief altitudes and occur as individual segments 

chaotically arranged over low ground with poorly developed channel networks. The 

channels are characteristically short with a maximum length of 2406 m and a 

minimum length of 584 m.  

 

 

Figure 4.12 The distribution of meltwater channels is patchy with a high density of channels 

occurring in some areas that have been mapped, while other areas, often immediately adjacent, are 

devoid of channels such as at Croaghaderry Highland in the north northeast of the study area. 

Scale: gridmarks at 10 km. See Appendix E10 for a zoomed-in and un-annotated image of the 

meltwater channels. 
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The meltwater channel pattern can be regarded as a continuum with two general 

characteristic morphologies: slightly sinuous and braided. Multiple channels or 

anastomosed channels are absent. Consistency of orientation is evident in channel 

morphology as recorded in the north northwest of the study area between 

Tievealehid Mountain and Bloody Foreland Mountain, where flow is directed 

northwards to the coastline and in the north northeast of the study area with channels 

alignment to the north along Croaghaderry Highland. However, evidence of cross-

cutting meltwater landforms also appears to be manifest in the record, particularly in 

the Rosses. A multi-temporal record of the glacial hydrological system must 

therefore be interpreted (Greenwood, 2008). 

 

 

4.3.2.3. Further Commentary 

 

The position, configuration and significance of moraines have long been discussed in 

Irish literature (Charlesworth, 1928; Synge and Stephens, 1960; Synge, 1970, 1979; 

Colhoun, 1970; McCabe, 1985, 1995; Warren, 1991; Gallagher and Thorp, 1997; 

Hegarty, 2002; Gallagher et al., 2004; Kilfeather, 2004; Knight et al., 2004; Meehan, 

2004, 2006; Knight, 2006; Ó Cofaigh and Evans, 2007; Greenwood, 2008), yet the 

suite of moraines presented here has largely gone unnoticed and the clues which 

these landforms hold about ice dimensions, geometry, dynamics and history have 

never been utilised fully in previous ice sheet reconstructions. The occurrence and 

abundance of meltwater channels has been alluded to in south Donegal (Knight, 

2002, 2003), while the meltwater drainage pattern of the Sperrin Mountains 

recognised by Colhoun (1970) was replicated and extended westwards by 

Greenwood (2008). However, meltwater channels in NW Donegal have rarely been 

mapped and have received little prior attention in the literature. As with the 

subglacial bedforms, this section compares and contrasts the new moraine and 

meltwater record presented in this thesis with existing glacial maps and literature. 

The following discussion is centred on i) what new information is revealed and ii) 

what patterns are verified and supported by the new map. 
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The new mapping reveals two distinct types of moraines in NW Donegal based on 

size and morphology. Large-scale latero-frontal moraines which are i) arcuate in 

shape, ii) smoothed and rounded in appearance, iii) have smaller inner ridges and iv) 

whose distribution is restricted and are, therefore, associated with specific 

glaciological conditions. Small-scale moraines, subdivided into i) narrow and 

sinuous ridges that weave between other bedforms and ii) subhorizontal straight 

moraine ridges situated on valley sides or mountain slopes provide information about 

the geometry of former ice margins. 

 

Channels have not been systematically mapped in NW Donegal before. Map 4 

reveals their characteristics: i) prevalence of small channel segments that weave 

amongst the complex suites of landforms in a chaotic arrangement, ii) networks (five 

to seven) of meltwater channels flank the mountain sides, iii) abundance of channels 

in areas of high bedform density, iv) the occurrence of channel exploitation of 

structural fault lines and lithological boundaries, v) consistency in orientation of 

channel networks, and vi) the presence of cross-cutting meltwater landforms. The 

new mapping indicates the presence of warm-based ice with meltwater in abundance 

at the ice-bed interface. The pattern of lateral meltwater channels surrounding the 

various mountains relates to drainage close to the ice margins as high relief emerged 

from thinning ice. 

 

The location of small-scale valley moraines shows some similarities to those 

described by McCabe (1995), but the details added in the new mapping are not 

replicated in any earlier works. Cross-valley moraines spilling out of Muckish Gap 

recorded by Charlesworth (1924) and those identified by McCabe (1995) at the 

mouth of the Gweedore Valley have not been observed in the new mapping. There is 

also no evidence from this mapping programme to support Stephens and Synge’s 

(1965) Moville-Bloody Foreland line marking the limit of the Drumlin Readvance in 

Donegal. The meltwater record complies with Colhoun’s (1970) meltwater channel 

characteristics of very small and networked channels independent of any glacial lake 

position, and supports Greenwood’s (2008) observations, style of mapping and 

conclusive remarks on meltwater channel properties. 
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4.3.3. Mapping Results: Additional Landforms 

 

4.3.3.1. Hummocks 

 

Description 

There are 15 hummocky terrain landforms recorded in the lowlying plain between 

Bloody Foreland and Tievealehid in the northwest of the study area, as shown in 

Figure 4.16. The hummocks do not occur chaotically across this area, but instead 

appear linear in pattern as chains of small, discontinuous nested transverse ridges. 

The height of the hummocks vary across the plain with the largest features located 

close to the mountains, ranging from 114-148 m in height, which decreases to  

 

Figure 4.16 Distribution of hummocks, kame terraces, kettle holes and fossil shorelines in NW 

Donegal. Scale: gridmarks at 10 km. See Appendix E11 for a zoomed-in and un-annotated image of 

the hummocks, E12 for the kame terraces, E13 for the kettle holes and E14 for the fossil shorelines. 
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22-40 m for those features closest to the coastline. The hummocks exhibit a close 

association with other landforms occupying the intervening spaces between 

meltwater channels and small moraines. 

 

Interpretation 

Hummocks may be interpreted as evidence for i) ice sheet down-wasting and dead 

ice topography (Knudsen et al., 2006) or ii) glaciofluvial corridors (Utting et al., 

2009). Dead-ice topography is produced by the gradual melting of stagnant ice that 

has thick supraglacial debris. The supraglacial debris is derived from the ice bed by 

freezing-on, thrusting, and stacking near the margin accompanied by an ice margin 

advancement into permafrost terrain (Johnson et al., 2011). In the study area, the 

preferred orientation of hummocks likely reflects structures in the parent ice. 

Following stagnation, the presence of permafrost would have controlled the rate and 

timing of dead ice melting (Johnson et al., 2011). However, the morphological 

expression of the hummocks of NW Donegal i.e. found in clusters within corridors 

that have undulating profiles suggest that their mode of deposition is one of 

glaciofluvial origin and not ice sheet downwasting. Hummocks, similar to those 

described in this study, were mapped near the Keewatin Ice Divide Canada by Utting 

et al., (2009) and were also interpreted as having a glaciofluvial origin. 

 

 

4.3.3.2. Kame Terraces 

  

Description 

Four kame terraces are identifiable in the study area. They occur as narrow, 

discontinuous, flat and gently sloping plateau surfaces on the valley sides of 

Tievealehid, Cronalaght and Errigal Mountains (Figure 4.16). The terraces reach up 

to 1700 m in length, range in width from 228-391 m and are in close association with 

meltwater channels, small moraines and kettle holes. The kame terraces at 

Tievealehid occur at two distinct levels between 155 m and 290 m a.s.l. and are 

linked to lateral meltwater channels in the area. 
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Interpretation 

Kame terraces have been interpreted as distinctive glaciofluvial landforms deposited 

by powerful meltwater flow confined between glacier margins and the adjacent 

valley wall (Sissons, 1980). They represent extensive ice-sheet decay with the 

terraces at Tievealehid documenting the periodic reduction of the glacier surface 

during terrace formation (Sissons, 1974). 

 

 

4.3.3.3. Kettle Holes 

 

Description 

A total of 22 kettle holes have been recorded. All of the kettle holes are small (172-

317 m across), near circular in shape and are currently occupied by water. They 

predominantly occur in the largest zone of glacigenic material in the study area, i.e. 

between Bloody Foreland and Tievealehid Mountain, as shown in Figure 4.16. They 

rarely occur in isolation, and are arranged in somewhat linear clusters. Such water-

filled depressions lie within areas of hummocks and meltwater channels and are 

commonly aligned along the margins of the latero-frontal moraines in the NW of the 

study area. They do not show any obstacle scour marks or ‘kettle-scours’ indicating 

full burial by outwash material. 

 

Interpretation 

The presence of kettle holes sufficiently records the separation of large blocks of ice 

from the main glacier during ice retreat. Kettle holes form by the melting of isolated 

ice-blocks surrounded and partly buried by sediment, to leave hollows (Benn and 

Evans, 1998) and have been reported from many present-day glacial environments 

(e.g. Russell and Knudsen, 1999).  

 

 

 

 



Chapter 4  Landform Mapping 

101 

4.3.3.4. Fossil Shorelines 

 

Description 

Raised fossil shorelines have been recorded in this study along the coastline 

stretching from Horn Head in the east to Bloody Foreland in the west, also including 

Árainn Mhór Island off the west coast (Figure 4.16). The palaeoshorelines are 

elevated above present sea level to between 10 m-189 m; highest at Horn Head in the 

east while lowest at Bloody Foreland in the west. Geomorphologically, the 

shorelines are near-horizontal, consist of extensive platforms backed by steep-sided 

escarpments and are generally cut into bedrock. The platforms reach lengths of 2600 

m (maximum length located at Falcarragh while the shortest situated at Currans 

Port). 

 

Interpretation 

The raised shorelines represent changing relations between land and sea surfaces 

(Lambeck, 2001). They indicate that in the study area, sea levels have been higher in 

the past. Such raised shorelines are indicative of the land having been uplifted or the 

ocean volume having decreased (Lambeck, 2001). Factors contributing to the 

formation of these features is the removal or addition of water to the oceans through 

the waxing and waning of the Irish Ice Sheet throughout the Quaternary. Ice-water 

mass exchange does not give rise to a spatially uniform response (Lambeck, 2001) 

which may explain the variations in height and extent of the palaeo-shorelines in 

NW Donegal. 
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Map 2: Glacial Geomorphology Map of NW Donegal 
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Map 3: Subglacial Bedform Map of NW Donegal 
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Map 4: Moraine and Meltwater Landform Map of NW Donegal 
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4.4. Local Scale Glacial Geomorphology Mapping 

 

The Lough Neill Valley contains a complex palimpsest of small glacial landforms 

that have never been mapped or documented before. These features are too small to 

be mapped with confidence by any data sources other than field mapping. The result 

of the 1:10,560 scale field mapping programme is presented as Map 5 at the end of 

this section. For the first time even the smallest geomorphic features in NW Donegal 

will contribute towards a complete reconstruction of the pattern and style of 

glaciation in the region. 

 

Tievealehid and Cronalaght Mountains, located adjacent to one another in the 

northwest of the study area, form an arcuate shaped area of high relief. The plateau 

surfaces of the mountains exist at 406-429 m a.s.l. They descend gently to lower 

ground. The bounding slopes of the plateau are broken by a large valley that trends 

perpendicular to its edge in an east-west orientation. The valley is open, wide (1.95 

km
2
) and long (2.5 km

2
) where the width of the valley increases twofold downslope 

from headwall to valley entrance. The valley contains a small perched lake called 

Lough Neill, as shown in Figure 4.17. 

 

Description 

The Lough Neill Valley is characterised by highly irregular terrain. The valley floor 

is occupied by a suite of ridges and mounds (Figure 4.18). Individual ridges range in 

length from 253-456 m and are typically 420 m wide. They are evenly spaced apart, 

with maximum separation distances of 120 m. Deeply incised narrow river channels 

occupy the gaps between the ridges. The ridges are flat-topped with undulating and 

pitted surfaces that contain small circular lakes (Plate 4.1). Collectively, the ridges 

appear as steps with ridge heights decreasing downslope from 268 m a.s.l. at the 

valley's eastern headwall to 247 m and 213 m a.s.l. at the valley’s western limit. 

They are aligned in chains trending obliquely down-valley across the valley floor, 

and at the valley scale they form an arcuate pattern. Owing to the incision of the 

river channels, the ridges have asymmetric cross profiles, with steep cliff faces and 

gentler rectilinear down-valley slopes. Without fluvial dissection they would have a 

more  
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subdued, symmetrical appearance. The ridges are discontinuous and are confined 

geographically to the southern valley side and valley floor by the Corveen River. 

 

Terraces characterise the northern valley side. Three terraces have been identified 

occurring at 130-155 m, 180-210 m, and 260-295 m a.s.l. They reach up to 634 m in 

length and range in width from 153-257 m. The terraces occur as narrow, fragmented 

surfaces that are perched on the northern valley wall. Their surfaces are both flat and 

gently sloping towards the valley slopes with two of the terraces dissected by deep 

river gorges that cut through the valley side. The terraces occur in close association 

with meltwater channels and kettle holes. 

 

 

Figure 4.13 Location of the Lough Neill Valley, NW Donegal. Scale: gridmarks at 10 km. 

N 
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Plate 4.1 A zoomed in aerial photograph of the Lough Neill Valley.Aerial Photograph 

supplied by Geological Survey of Ireland. Scale 1:30,000.  

 

Plate 4.3 A close-up of the flat topped mounds in the Lough Neill Valley.  

Plate 4.2 A photo montage of the Lough Neill Valley showing the suite of ridges and mounds that 

occupy the valley floor.  
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Four meltwater channels have been mapped. The channels generally cross-cut the 

valley and run along the contours of the slope with channel sizes much larger than 

the active fluvially incised valley network that is now present. Two kettle holes have 

also been mapped which are small (93-153 m across), near circular in shape and are 

perched on top of the ridges. Lough Neill occupies one of these kettle holes. 

 

Interpretation 

The ridges located on the valley floor that extend across the lower slopes of the 

southern valley wall may be moraines, retreating into the source of the former glacier 

that once occupied the valley. Ridge dimensions imply that erosion, transport and 

deposition of large volumes of sediment must have occurred. The dense spacing of 

the individual ridges into cross-cut valley arcs suggests that ice retreat was gradual 

rather than abrupt with moraine up-valley continuity demonstrating slow, oscillatory 

up-valley retreat of the glacier. However, the ridges may also reflect negative 

morphology and may in fact be terraces. It is significant that the terraces on the 

northern valley side occur at roughly the same elevation as the series of ridges that 

occur across the valley floor. It is also significant that they are characteristically flat 

topped and descend as a series of steps. The limit of the ridges on the valley floor is 

marked by the Corveen River which separates the ridges and mounds from the 

terrace formations. Perhaps, ice-marginal and proglacial meltwater channels 

dissected the terraces during deglaciation, which were then exploited by the present-

day fluvial valley network of the Corveen River and its tributaries. This possibly 

accentuated the incisions and caused the terraces to appear as ridges across the valley 

floor. 

 

The gently sloping depositional terraces perched on the northern valley sides are 

likely to represent kame terraces deposited by meltwater streams flowing between 

the glacier margin and the adjacent valley wall (Benn and Evans, 1998). The flight of 

kame terraces present on the northern valley side documents the periodic retreat and 

surface lowering of the glacier (Sissons, 1958). The kame terraces and meltwater 

channels in the Lough Neill Valley are inextricably linked, which is understandable 

in terms of the powerful meltwater flow associated with the decay of an extensive ice 

sheet in this area. 
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The meltwater network indicates that ice-marginal and proglacial meltwater drainage 

was well-developed during stages of ice recession, while the channels running 

parallel to each other at successively lower elevations along the contours of the 

valley slopes exhibit a time-transgressive morphology. The meltwater channels are 

consistent with the north-north northwest direction of the glacial bedforms in the 

surrounding region and therefore record the south-south southeast recession of the 

final ice to occupy the Lough Neill Valley. 

 

The kame terraces and meltwater channels suggest that Tievealehid and Cronalaght 

Mountains probably acted as pinning points as the ice stagnated and downwasted. 

On the plateaus and interfluves the ice margin retreated from north to south, but 

thinned around the mountains with a configuration determined by the shapes of the 

hills. The pitted surfaces of the terraces and the presence of kettle holes indicates ice-

contact deposition. They record the separation of thin, dead ice-cored aprons that 

prevented the effective discharge of meltwater. This resulted in water ponding at the 

surface of the glacier. During the last stages of ice wastage, the kettle topography 

may also reflect ice stagnation and disintegration in situ in the Lough Neill Valley. 

 

 

4.5. Summary 

 

The reconstruction of the dynamics of the last Irish Ice Sheet from landform 

evidence requires the synthesis of regional datasets, integrated across multiple scales 

(Smith et al, 2006). The mapping programme undertaken indicates that successful 

landform identification is scale-dependent. At the broadest scale, the landscape 

characterisation map illustrates that four specific landscape types have been 

identified in NW Donegal; glacial scour topography, glacial dissected topography, 

smooth topography, and glacigenic material/depositional landscape. It highlights the 

interlinking of physical processes producing the unique landscape patterns. Over 450 

landforms have been mapped as part of the regional scale glacial geomorphology 

map complemented by the detailed geomorphological mapping at a local scale of the 

Lough Neill Valley. In combination with additional information in the literature, 
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these maps are the fundamental basis for any reconstruction of the palaeo-geography 

and palaeo-glaciology of the ice sheet in the study area.  
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Map 5 Morphology Map of the Lough Neill Valley, NW Donegal 
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5. Chapter 5. FLOWSET 

CONSTRUCTION 

 

 

5.1. Introduction 

 

The landscape of NW Donegal has been shaped by ice sheets that have repeatedly 

grown and decayed during the Quaternary. It is necessary to extract the spatial, 

temporal and glaciodynamic information that the landforms in NW Donegal possess 

in order to reconstruct the behaviour of the ice sheet through time in the study area. 

Ice sheet reconstruction can be achieved in two ways as outlined in Chapter 2. This 

research uses the evidence-based approach. 

 

The reconstruction of the glacial history of the study area involves five stages. The 

first stage is the mapping of individual landforms from remotely sensed data and a 

field mapping programme. This has been completed, and the glacial 

geomorphological maps presented in the previous chapter are the basis for the 

reconstruction of the ice sheet of NW Donegal. Stage two is the generalisation of 

individual landforms into distinctive flow patterns based on their spatial properties 

and spatial arrangement (Clark, 1999). This is followed by a data reduction process 

of stage three, involving the combination of all information into flowsets or distinct 

flow events. The construction of flowsets is a process that devolves landform 

assemblages into flow event building blocks from which a reconstruction can then be 

based (Boulton and Clark, 1990). The glaciodynamic information is extracted from 

the flowsets in stage four so flow patterns located within the ice sheet, types of ice 

flow (sheet flow; stream flow) and timing of flowset (build-up, maximum or 

deglacial phases of the ice sheet’s history) can be established (Greenwood, 2008). 

The final stage is the creation of a model of past ice sheet activity in NW Donegal 

providing details on locations of the ice divide, ice flow paths, ice sheet extent and 
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its retreat patterns accounting for the entire geological and geomorphological legacy 

of glaciation in a glaciologically plausible manner (Greenwood et al., 2007). 

 

Stages two, three and four of the ice sheet reconstruction will be addressed in this 

chapter, initially focusing on extracting the spatial, temporal and glaciodynamic 

information from the geomorphic record of NW Donegal and then synthesizing this 

information. 

 

5.2. Flowset Construction 

 

An inversion model of ice activity in NW Donegal has to aggregate hundreds of 

individual landforms. To translate the palaeo-glaciological information held at 

individual level to ice-sheet scale requires a procedural up-scaling or generalization 

of the data. 

 

Past attempts to do this have revealed contrasting opinions on the basic ice sheet 

properties in NW Donegal, as previously outlined in Chapter 2. Charlesworth’s 

(1924) and McCabe’s (1995) studies are fundamentally geomorphologically-driven 

reconstructions of the ice sheet based on the assumption that patterns of glacial 

landforms were formed under a single ice sheet configuration. These studies do not 

fully recognize the age span of the landform record and force-fit all landforms into a 

single glacial period, usually the Last Glacial Maximum. Where pockets of deviating 

glacial lineations were noted that could not be accounted for under the same, 

unchanging ice sheet configuration, they were disregarded as anomalies in the actual 

reconstruction. Given that these earlier ice sheet models assumed that all evidence 

was inscribed under the same ice sheet configuration, it is presumed that generalised 

flowlines were drawn as shown in Chapter 2. These flowlines masked the 

complexity of the landform patterns, and as a consequence ice flow patterns were 

constructed discarding important information pertaining to ice sheet configuration 

changes in the region. Ballantyne et al. (2007) presents a dating-driven 

reconstruction of the evolution of the Irish Ice Sheet in NW Donegal with a 

modelling component. This reconstruction was based on Cosmogenic Nuclide 

Surface Exposure dates. The robustness of the reconstruction, i.e. the evolution of 
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flow pattern and the locations of ice divides and dispersal centres, is also debatable. 

Cosmogenic exposure dating is an effective means to resolve ambiguities relating to 

the rate of glaciation. However, a reconstruction based on extremely few dates (four) 

inevitably leads to glaciological complexities and variations being disguised and 

yielding highly speculative results. 

 

The differences between these previous works are based on particular time-space 

domains and data types used in the inversion procedures (Kleman et al., 2006). It is 

apparent that no study as of yet utilizes the two prime data sources, i.e. the complex 

landform record and dates, to shed light on the multi-temporal ice sheet events in the 

study area. A new inversion model is required which better explains the landform 

arrangements and distribution across the NW Donegal landscape. The new mapping 

presented in this thesis undoubtedly exceeds in both volume and spatial consistency 

that on which traditional models were based (Greenwood, 2008). This new 

reconstruction of past ice sheet activity in NW Donegal utilizes the glacial 

geomorphological record combined with the stratigraphical record, and with the 

integration of chronological data builds on the inversion models of Kleman and 

Borgström (1996) and Kleman et al. (1997). 

 

Given a database of ~450 landforms, the details of individual features overwhelm the 

effort to make ice sheet-wide interpretations (Greenwood and Clark, 2009). 

Therefore, it is necessary to summarise all of the data in the glacial 

geomorphological maps according to their spatial properties, where the summary 

unit must represent the palaeo-glaciological information of its constituent individual 

landforms. To achieve this, flowsets are constructed. A 'flow set' is defined as a 

collection of glacial features formed during the same flow phase and under the same 

conditions (Clark, 1999). Each flowset has the same palaeo-glaciological properties 

as the individual landforms it comprises, and the spatial and temporal relationships 

between individual landforms are transferred to flowsets (Clark, 1997). Flowsets 

allow for the easier visualisation of a large body of evidence, which in this case 

includes subglacial bedform evidence, meltwater drainage networks, moraines and 

other landforms. Lineations have been the traditional drivers of ice flow path 

reconstruction (Clark et al., 2000; Clark and Meehan, 2001; De Angelis and Kleman, 
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2007), but for this thesis all mapped features are considered for flowset building and 

a single flowset may comprise a number of different features. 

 

To construct a flowset, the flow directions of individual features are summarised into 

flowlines. Flowlines are drawn on a purely visual basis on the identification of the 

parallel conformity of individual polylines, or a consistent pattern and shape of 

individual polygons. Any divergence from a consistent pattern is drawn as a new 

flowline, as shown in Figure 5.1. Flowsets are constructed by the grouping of 

flowlines with each flowset representing a discrete phase of bedform genesis under a 

consistent ice sheet configuration (Clark et al., 2000). It is assumed that features 

formed in the same area under the same ice flow event will display roughly 

consistent characteristics. Therefore, to determine which flowlines can be grouped to 

form one flowset, similarities in size (length), morphology (qualitative description), 

orientation (parallel conformity), direction and spacing of individual landforms are 

considered (Greenwood, 2008). Size properties, consisting of length, perimeter and 

area, are automatically calculated using GIS software. As the landforms of the study 

area were mapped as both polylines and polygons, a GIS statistic tool was used to 

generate the longest and straightest line within the polygons to allow direct 

comparison of size to be made between these two features. Landform orientation is 

also calculated automatically by GIS. Following Greenwood’s (2008) 

recommendation, it was not practical to manually draw an appropriate orientation 

line for each polygon. Therefore mean orientation of the polygon segment lines was 

determined and was used to calculate landform orientation for the entire polygon 

population. Ice flow direction is determined by both the steep stoss and gentle lee-

side slope and by the direction of curvature of landforms. On the rare occasion where 

direction could not be established, both options (180º from each other) remain a 

possibility. 

 

Flowsets differ from each other based on landform properties relating to changing 

bed conditions (changes in topography or geology) or ice conditions. Following the 

recommendations of Clark (1997, 1999), Clark and Meehan (2001), and Greenwood 

(2008) on instructions for grouping flowsets, flowsets are derived based on a visual 

recognition of the dominant patterns present rather than a quantitative approach, as 
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the objectivity offered by quantitative analysis does not necessarily produce a more 

successful result. The task of synthesising the information imparted by a large body 

of data firstly into flow-parallel flowlines and secondly into distinct flowsets uses 

only the abstract mapping output without any visualised imagery. Inevitably, 

multiple options arise from the cartographic summary. To verify the resulting 

flowsets and to attempt to narrow the range of options for flowline grouping, 

flowsets are then laid over the original imagery (Greenwood, 2008). 

 

 

Figure 5.1 Individual lineations are summarised by flow parallel lines and in turn are grouped into 

flowsets. Scale: gridmarks at 3 km. 

N 
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5.3. Primary Data: Flowset and Flowline Maps 

 

A map showing the flowsets derived from lineations is shown in Figures 5.2. 

Following Clark (1997, 1999), Clark and Meehan (2001), and Greenwood (2008), 

flowlines revealing the direction of ice flow are coloured according to the flowset to 

which they have been allocated. Four flowsets (lins fs1, fs2, fs3 and fs4) have been 

identified. Their distribution highlights the complex flow history of the ice sheet in 

NW Donegal. 

 

 

Lins fs 1 displays a complete disregard for the underlying topography. The lineations 

cross the highest terrain and are oriented towards the north. Valleys guide the ice 

flow but do not constrain it. In contrast, lins fs 2 and lins fs 3 displays a northeast 

flowset pattern through the broad valleys, constricted by the high topographic 

barriers of the Glendowan Mountains to the west. The flowsets are deflected rather 

Figure 5.2 Lineation flowsets of NW Donegal. Each flowset is symbolised by its component 

flowlines grouped by colour. Direction of flow is indicated by arrows.Scale: gridmarks at 10 km. 

N 
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than inhibited by the high topography, and their presence close to mountain tops 

suggests considerably thicker ice than the elevation of the topography. Lins fs 3 is 

entirely valley constrained while lins fs 2 shows evidence of cutting across the 

topographic spurs that extend eastwards. Lins fs 4 is geographically separated from 

the other flowsets and as a result it is treated as a separate flowset. It displays a 

relationship with the topography, where ice flow negotiated high local relief, and is 

generally aligned with the flow direction towards the northwest with ice being 

directed and funnelled through the valleys.  

 

A meltwater network map has been compiled and is presented in Figure 5.3. 

Meltwater channels have been synthesised by representing a network of channels as 

a drainage direction flowline. Drainage direction is largely governed by ice surface 

slope. However, strong local relief may drive local drainage in a different direction 

to the regional flow (Greenwood et al., 2007), and this is observed in NW Donegal. 

 

Figure 5.3 Summary of glaciofluvial landform networks derived from meltwater channel mapping. 

Scale: gridmarks at 10 km. 

N 
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The meltwater channel network ubiquitously descends downslope from the high 

terrain and radiates towards the coastline. An ice marginal position map derived 

from the distribution of moraines is shown in Figure 5.4. The ice marginal position 

map, bedform flowset map and the glaciofluvial network map provide the primary 

components for the reconstruction of the Irish Ice Sheet in NW Donegal. 

 

 

5.4. Flowset Glaciology 

 

All of the ingredients required by an inversion model for ice sheet reconstruction 

must be compatible and comparable. To achieve this, all information was spatially 

synthesised and converted to either flowlines or flowsets: subglacial bedforms into 

flowsets, meltwater channels into drainage flowlines and moraine distribution into 

ice marginal position lines. This cartographic summary facilitates easier visualisation 

Figure 5.4 Ice marginal position map derived from moraine distribution. Scale: gridmarks at 5 km. 

N 
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of the data for interpretation of its palaeo-glaciological significance (Clark, 1993, 

1999). 

 

The glacial record of NW Donegal has been spatially synthesised into flowlines and 

flowsets from which the glaciodynamic information can now be extracted. The 

glaciological information relates to the mode of emplacement of a flowset, and this 

information is essential for ice sheet reconstruction. An interpretation of the palaeo-

glaciological significance of landforms requires either an assumed or a known 

relationship between geomorphological process and product (Clark, 1999) as 

outlined in Chapter 2. For this thesis, the assumptions of Kleman and Borgström 

(1996) were applied: (i) basal sliding requires a thawed bed; (ii) lineations only form 

if basal sliding occurs; (iii) lineations are aligned parallel to flow and perpendicular 

to ice surface contours; and (iv) frozen bed conditions inhibit rearrangement of the 

subglacial landscape. 

 

 

5.4.1. Bedform Flowsets: Glaciodynamic Interpretation 

 

Bedform flowsets can be created either towards the interior of the ice sheet where 

they are laid down by a single episode of ice flow, providing an isochronous 

(‘snapshot’) view of the bed, or they can be formed near the margin and are 

produced time-transgressively (Figure 5.5). The flowsets of NW Donegal are 

classified according to the diagnostic criteria of Kleman and Borgström (1996), 

Clark (1999), Stokes and Clark (1999), Kleman et al. (2006) and Greenwood (2008) 

as shown in Table 5.1. 

 

Both isochronous and time-transgressive flowsets have been interpreted from the 

glacial record of NW Donegal. Lins fs1 is interpreted as an isochronous flowset. This 

flowset is well organised, with lineations exhibiting high parallel conformity. It 

displays a total disregard for local topography, is not associated with any landforms 

and is overprinted at an oblique angle by lins fs2 in the south-easterly sector of the 

flowset (Figure 5.6). 
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Figure 5.5 Illustration of isochronous (left) and time-transgressive (right) flowset formation. The 

isochronous lineaments are formed at time tn. Time transgressive lineaments are shown with a retreat 

pattern at ta, tb, and tc. 

Table 5.1 Diagnostic criteria for glaciodynamic flowset classification (after Kleman and Borgström, 

1996; Clark, 1999; Stokes and Clark, 1999; Kleman et al., 2006; Greenwood, 2008). 
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The flowsets lins fs2 and lins fs3 are interpreted as wet-bed time-transgressive 

flowsets displaying systematic discontinuities in the coherency of the pattern (Clark, 

1999). Lins fs2 and lins fs3 are characterised by a weakly divergent flow, 

corresponding to topographic control, showing inconsistencies in lineation 

orientation and possessing lower parallel conformity than the isochronous flowset. 

There is also evidence of cross-cutting (Figure 5.7). Lins fs4 is a more complex flow 

pattern owing to its geographically separation from the other flowsets. It shares 

characteristics with the isochronous flowset, Lins fs1, in that it is well organised, 

exhibits a degree of parallel conformity and lacks evidence for cross-cutting within 

the flowset. However, it may also be interpreted as a transgressive flowsets as it 

displays a strong relationship with the regional topography where ice flow was 

funnelled through the valleys. 

 

As recognised by Greenwood (2008), flowsets can display a distinct palaeo-

glaciology. The flowset record of NW Donegal confirms this. However, more 

importantly this record adds another location and therefore further evidence to 

Figure 5.6 Lins fs1 is interpreted as isochronous flowset. Lineations belonging to fs1 are shown in 

white (right panel). Lins fs2 is shown in blue and cross cuts this lineation pattern (left panel) with the 

direction of ice flow indicated by the arrows. Scale: gridmarks at 10 km. See Appendix E15 for a 

zoomed-in and un-annotated image of the lineation pattern used to identify Lins fs1 and  Lins fs2. 

N N 
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substantiate Greenwood’s theory that isochronous and time-transgressive flowsets 

have different geographies in the landscape. This is shown for the study area in 

Figure 5.8. The isochronous flowsets are generally flowing offshore along the 

northern coastline and are therefore linked to the build-up and maximum stages of 

glaciation when continental shelf ice cover is most likely. Time-transgressive 

patterns are typically located inward of the present-day coast, and characterise a 

 

period of stabilisation and subsequent ice sheet withdrawal back into a terrestrial 

environment (Greenwood, 2008). 

 

Time-transgressive flowsets can reflect both first/higher-order and second/lower-

order properties of the ice sheet. First/higher-order properties refer to broad ice 

divide positions, ice extent and the main ice flow directions where changes in these 

characteristics mark first-order dynamics of the ice sheet (Clark, 1999; Stokes and 

Clark, 2001). Second/lower-order properties relate to local effects, mainly weak 

Figure 5.7 Lins fs2 and Lins fs3 are interpreted as time-transgresssive flowsets. Lineations 

belonging to fs2 are shown in black and lineations belonging to fs3 are shown in blue (left panel). 

Lins fs3 is shown to cross cut Lins fs2 with the direction of ice flow indicated by the arrows (right 

panel). Scale: gridmarks at 5 km. See Appendix E16 for a zoomed-in and un-annotated image of 

the lineation pattern used to identify Lins fs2 and  Lins fs3. 

N N 
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overprints of the dominant flow patterns as a response to ice sheet reorganisation 

(Meehan, 2006). 

 

 

 

It is apparent that the time-transgressive flowsets lins fs2 and lins fs3 display a 

‘smudged’ imprint reflecting second/lower-order properties of the ice sheet. The 

smudged time-transgressive patterns can be a product of either ice thinning, flowline 

migration or a combination of both. Flowline migration, however, does not 

exclusively relate to the decay phases of glaciation, but can be the result of either ice 

divide fluctuations (flowline source) or changes in outlet (flowline terminus) 

(Greenwood, 2008). Lins fs2 and lins fs3 are interpreted as smudged time-

transgressive patterns reflecting flowline migration relating to a change in the 

discharge outlet. Neither bedform patterns are well-organised and show low parallel 

Figure 5.8 Flowset characterisation guided by the diagnostic criteria outlined in Table 5.1. Scale: 

gridmarks at 10 km.Note: Lins fs4 has been displayed as a time-transgressive flowset in this diagram 

but there is also a strong possibility that Lins fs1 and Lins fs4 may have been formed at the same time 

and maybe related to ice flow onto the continental shelf. 

N 
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conformity. The overall shape of the flowsets shows a funnelling and convergence of 

flow onto the sea loughs of Mulroy Bay (fs2) and Lough Swilly (fs3). Smudging is 

evident in the headward regions of the flowsets and this is directly attributed to flow 

diversion from one outlet to the other (Figure 5.9). 

 

 

 

5.4.2. Meltwater Channels:Glaciodynamic Interpretation 

 

Meltwater channels are erosional products of glacier ablation and meltwater flow 

close to ice-sheet margins (Kleman, 1992; Kleman et al., 1997) and can form in a 

number of contexts: i) subaerially at lateral ice margins, positioned along valley 

sides and constrained by the glacier ice; ii) beneath the ice, in subglacial conduits; 

iii) and in proglacial positions (Greenwood et al., 2007). Meltwater channels need to 

be classified according to their location in the glacial system. Previous research has 

shown that subglacial and lateral meltwater channels yield the most glaciological 

information (Greenwood et al., 2007). Lateral meltwater channels indicate margin 

positions and the thinning of ice during glacial retreat. They are predominantly 

attributed to the presence of cold-based or polythermal glaciers (e.g. Kleman et al., 

1992; Sollid and Sørbel, 1994; Hättestrand, 1998; Hättestrand and Stroeven, 2002). 

Figure 5.9 A visual summary of the sequence of flow showing two discrete flowsets, fs2 and 3, 

initially drawn as discrete flowsets. However, a smudged imprint was observed and inferred to be a 

product of flow migration. A possible cause for such flow migration was a switch in the discharge 

outlets as shown. Scale: gridmarks at 10 km. 

N N 
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Subglacial channels indicate former equipotential surfaces and hence ice surface 

slope (Sugden et al., 1991). 

 

Using Greenwood et al.’s (2007) geomorphological criteria for distinguishing 

between different types of meltwater channels (Table 5.2), the meltwater channels of 

NW Donegal are categorised into subglacial or lateral channels (Figure 5.10) in 

order to interpret the significance of the flowlines. 

 

 

The majority of meltwater channels are interpreted to be subglacial in origin, 

following the criteria outlined in Table 5.2, and are used to indicate the 

predominance of a warm-based ice sheet in NW Donegal. Some minor lateral 

meltwater channels have been noted exclusively occurring in the mountainous areas 

where drainage was constrained by topography. These channels formed along 

(marginal) – or just beneath (sub-marginal) – the ice margin and occur in nested 

groups oriented subparallel to the contour of the land where they form a step or 

terrace on the hillside. The short (<200 m), non continuous lateral meltwater 

channels of NW Donegal reveal relatively late-stage flowlines, where topography is 

Table 5.2 Diagnostic criteria for classification of meltwater channels (after Greenwood et al., 2007). 
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becoming more dominant in driving ice flow patterns as the ice sheet thins 

(Greenwood et al., 2007). 

 

 

 

5.4.3. Moraine Distribution: Glaciodynamic Interpretation 

 

Marginal retreat imprints inferred from moraine distribution in the study area are 

time-transgressive. Such time-transgressive imprints reflect assemblages that were 

built up incrementally over time and likely underwent constant modification under 

ice flows that were varying in direction. The large imprints are located on the 

lowlands, are not topographically confined and appear to be incised on top by 

Figure 5.10 Classification of meltwater channel networks according to glaciological context of 

channel operation. Scale: gridmarks at 10 km. 

N 
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meltwater channels. The size of these moraines reflects formation during a 

substantial standstill of ice retreat. The small moraines are valley constrained, 

relating to thinner ice being more controlled by local topographic features. Such 

moraines were likely deposited at successive positions of the ice margin during a 

period of progressive retreat. 

 

 

5.5. Flowset Chronology 

 

Cross-cutting and superimposing flowsets exist in NW Donegal and can be used to 

infer a multi-temporal glacial record in the study area. The evidence for a sequence 

of ice flow events is provided by; Lins fs1 overprinted at an oblique angle by lins fs2, 

and lins fs2 being superimposed in part by lins fs3. Such cross-cutting and 

superimposed landform arrangement has been documented according to whether 

they are older or younger, with relative age flowset stacks for NW Donegal being 

illustrated in Figure 5.11. 

 

Following Sugden and John (1976) and Clark (1993), the degree of cross-cutting and 

superimposition is dependent upon ice velocity. All northerly ice flow (lins fs1) 

predates all other ice flow in NW Donegal. The glaciodynamic context of the 

flowsets adds further confirmation of this chronological framework by way of Lins 

fs1 being interpreted as an isochronous flowset while lins fs2 and lins fs3 are time-

trangressive. This time-trangressive glaciodynamic context, associated with lobate 

margin retreat, implies lins fs2 and lins fs3 have implicitly been assigned a deglacial 

age, and are likely the youngest flowset (Greenwood, 2008). Lins fs3 increasingly 

reflects control on ice flow direction by the underlying local-scale topography and is 

associated with ice thinning, presumably during deglaciation, and is most likely the 

youngest flowset. Lins fs4 possesses the characteristics of both isochronous and 

time-transgressive flowsets and therefore is of unknown chronology. 

 

This chapter so far has documented and analysed flowsets as two dimensional 

(spatial properties) and three dimensional map units (glaciodynamic and 

chronological characteristics), and in doing so has translated landform patterns into 
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ice sheet events. A number of interesting observations have been made; i) the oldest 

isochronous flowset documents a northerly ice flow offshore onto the continental 

 

 

 

Figure 5.11 Derivation of flowset chronology from bedform superimposition. The extract indicates 

an older flow in black and a younger flow in red (left panel). On the right panel, the horizontal line 

denotes superimposition of flowsets in the relative age stack. Scale: gridmarks at 10 km. 

N 
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shelf, ii) younger time-transgressive flow patterns, dominated by smudge imprints, 

record a highly dynamic ice sheet, driven by an outlet move (flowline terminus), iii) 

margin retreat imprints indicate a substantial reorganization of ice sheet geometry 

and change in ice sheet behaviour during deglaciation. 

 

Flowsets and their associated palaeo-glaciological interpretations form a series of 

analytical units each of which describes a particular state of the ice sheet in a 

particular location (Clark, 1999). To reconstruct the ice sheet in NW Donegal, all of 

these units must fit together geometrically, and chronologically, so a coherent picture 

of ice sheet activity emerges as snapshots in a temporal sequence (Greenwood et al., 

2009).  

 

Two approaches to reconstruction can be followed; i) the lowermost flowsets can be 

isolated and the ice sheet drawn from where it is possible to work forwards in time. 

Alternatively, the deglacial or youngest flowsets are extracted and a retreat pattern 

determined from where it is possible to work backwards in time using the remaining 

flowsets (Greenwood, 2008). Elements of both approaches were applied in a 

repeated process for the reconstruction of the ice sheet in NW Donegal until 

plausible flowset groupings, inferred ice sheet properties (i.e. ice divides, ice extent, 

flow routes) and a relative chronological sequence was developed. The 

reconstruction of the ice sheet requires a series of principals or a set of assumptions 

on ice sheet structure and behaviour. For this thesis, the assumptions of Greenwood 

et al. (2009) were applied: (i) divides should be positioned upstream of a flowset, or 

group of flowsets; (ii) the ice sheet margin should be located downstream; (iii) 

flowlines should join the ice divide to the margin, passing parallel to each individual 

flowset; (iv) an overall ice sheet configuration should be depicted roughly 

symmetrical with an ordered divide structure; and (v) ice sheet properties should be 

drawn in the simplest manner, with reference to broad-scale topography and 

application of a rule of minimum complexity. Table 5.3 summarises all the palaeo-

glaciological evidence that will be used in the reconstruction of ice sheet dynamics 

in NW Donegal which follows in Chapter 11. 
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5.6. Summary 

 

Given a database of ~450 landforms, it was necessary to summarise all of the data in 

the glacial geomorphological maps according to their spatial properties. To achieve 

this, flowsets were developed where the spatial, temporal and glaciodynamic 

information has been extracted. Using a set of rules and assumptions, flowsets were 

arranged in time and space so that a glaciologically plausible evolution of the last ice 

sheet in NW Donegal can now be described. 

 

Table 5.3 Description of palaeo-glaciological evidence used in the reconstruction of ice sheet 

dynamics in NW Donegal. 
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6. Chapter 6. SEDIMENTOLOGICAL 

INVESTIGATION OF THE 

GWEEDORE AREA 

 

6.1. Introduction 

 

The purpose of analysing the glacial sediments of the study area is to provide a more 

comprehensive understanding of glacial activity in NW Donegal. A detailed 

sedimentological examination of several key areas was carried out. Individual sites 

were selected and the sediments exposed were described and analysed as detailed in 

Chapter 3. Based on physiography, the study area was subdivided into four general 

locations (Figure 6.1): 

 

1. The Gweedore Area; 

2. Lough Neill Valley; 

3. The Glasagh Lowlands; 

4. The Northern Coastline. 

 

Assemblages of deposits were examined in these areas because they contain the best 

representative exposures. The next four chapters details those descriptions and 

analysis of the sediments exposed at these locations. Photographs of specific 

sedimentary structures are included in Appendix D. 

 

The first area examined was Gweedore. The sedimentological investigation of this 

locality is outlined in this chapter. This area extends from Meenanillar in the west to 

Meenacung in the east and includes five sand and gravel pits. The first pit to be 

examined was owned by Gillespie’s and is currently active. This pit is located just 

off the N56 routeway by the Altamore River in an area called An Cnoc Glas.  
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The pit has been cut into a series of hummocks that border the southern shores of 

Lough Nacung Upper and is hereafter referred to as 'Lough Nacung Pit'. Three 

adjacent pits in the lee of Cronalaght Mountain were also examined. Two out of the 

three pits, owned by Doogan and Campbell, were only recently opened at the time of 

examination and therefore were small in size. The third pit, owned by Greene’s, has 

been extensively excavated. Entrance to these pits was located along the R258 road. 

The pits are hereafter referred to as 'Gweedore Pits I, II and III' respectively. The 

fifth pit examined is located at the highest elevation in this locality, situated on the 

southwestern slopes of Cronalaght Mountain on an isolated hill at 158 m a.s.l. The 

pit is owned by Boyle’s and access is via a minor road ~1 km north of the R258. The 

pit is hereafter referred to as 'Gweedore Pit IV', see Figure 6.2. 

 

Figure 6.1 Map showing the areas selected for detailed sedimentological investigation. 
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Figure 6.2 Map of the Gweedore Area, Co. Donegal showing the sites where sedimentological analysis was carried out. All sites are marked in red and are 

abbreviated; LN- Lough Nacung Pit, GI- Gweedore Pit I, GII- Gweedore Pit II, GIII- Gweedore Pit III, GIV- Gweedore Pit IV. Forestry area marked in green. 
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6.2. Site Description and Interpretation 

 

6.2.1. Lough Nacung Pit 

 

The Lough Nacung Pit is cut into one of a series of seven pronounced domed shaped 

hillocks that are located along the southern margin of the east-to-west trending 

Gweedore Valley (Plate 6.1 and 6.2). The hillocks occur at an altitude between 140-

150 m a.s.l. To the north, they are bordered by a wide sandy, alluvial flat occupied 

by Lough Nacung Upper. 

 

 

 

Plate 6.1 The hillocks of the Gweedore Valley viewed from a wind farm located on Cronalaght 

Mountain. 

Plate 6.2 A closer view of the hillocks of Gweedore Valley viewed from Cronalaght Mountain. Note 

Grogan More Mountain in the background. 
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A further seven hundred metres to the north, there is a sharp rise in elevation with 

the beginning of the south facing slopes of Cronalaght Mountain. To the south, the 

hillocks are backed by the lower slopes of Grogan More with the intervening area 

occupied by a small lake. The pit has sliced into one of the hillocks, as shown in 

Plate 6.3, and its sediment composition is revealed along two exposed faces; a long 

section and an oblique section. The long section is the only clearly exposed face. 

 

 

6.2.1.1. Face 1 

 

Description 

The Lough Nacung Pit Face 1 is 16.5 m long and 8.2 m high and contains seven 

facies associations (Figure 6.3 and Figure 6.4). The bottom 0.8 m of the section is 

obscured by slumped sediment and cannot be observed. The basal facies consists of 

0.8 m to 1.2 m of planar, cross-stratified, clast-supported pebble gravels. The facies 

is poorly sorted but in places shows weak inverse grading where the pebble gravels 

coarsen upwards to small cobble gravels containing one small outsized boulder. The 

clasts are subangular to subrounded, and are a mixture of lithologies with large clasts 

orientated parallel to dip showing a gently imbricated clast fabric. The volume 

Plate 6.3 The Lough Nacung Pit has been cut into one of the hillocks of the Gweedore Valley. 
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Figure 6.3 Cross-sectional sketch of Face 1, Lough Nacung Pit, Gweedore. 
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Figure 6.4 Section log and location map, Face 1, Lough Nacung Pit, Gweedore. 
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of supporting matrix increases upwards and also fines upwards from coarse to 

medium sand. A wavy contact exists between this facies and the overlying facies. 

Clasts that exist at this contact are draped by sand and the sand beds of the second 

facies have morphosed around the larger clasts. 

 

Facies 2 comprises 2.2 m of rhythmically, planar cross-laminated sand and silt. This 

facies grades upwards from undulating parallel beds of medium and coarse sand into 

sinusoidal rippled laminations in fine sand and silt and then into more wavy bedded 

massive medium sand and silts (Appendix D1). The sands gently dip to the east. No 

secondary structures occur. A sharp erosional contact separates this facies from the 

overlying facies 3. 

 

The sediments of facies 1 and 2 are repeated throughout the face with facies 3 

consisting of a thin layer (0.6 m thick) of poorly sorted, cross-stratified clast-

supported cobble gravels containing occasional outsized boulders. The clasts are 

subangular to subrounded with the degree of angularity increasing with clast size. 

This facies is similar to the basal facies. Facies 4 is a 0.8 m thick unit of undulating 

parallel bedded medium to coarse sand containing discontinuous lenses of small 

subangular to subrounded pebbles. Facies 5 comprises 0.9-1.4 m of cobble gravels. 

There are no clear structures in this unit which is generally massive to crudely 

stratified, supported in a coarse sand matrix and contains subangular to subrounded 

clasts. The gravel becomes more clast supported and openworked towards the west. 

Facies 6 is 1.2 m consisting of wavy flaser beds of subhorizontally stratified 

granular, coarse and medium sand beds. Capping the sedimentary sequence, facies 7 

is a 0.9 m thick unit of massive to crudely stratified cobble gravels supported in a 

coarse sand matrix. The gravels are subangular to subrounded and become more 

clast-supported towards the top of the facies. 

 

Interpretation 

The basal gravels of Lough Nacung Pit Face 1 are interpreted as the product of 

downslope gravity mass flow (i.e. debris flow). Evidence to support this 

interpretation is as follows: 
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i) The weak inversely graded clast-supported gravels suggests a subaqueous 

origin and a non-cohesive flow, 

ii) The range of clast sizes present (pebbles to cobbles with outsized 

boulders) reflects rapid high energy deposition, 

iii) The gentle gradient indicates deposition on a slope fed by large volumes 

of debris, 

iv) The rapidly changing clast size from pebble to cobbles is interpreted in 

terms of high energy turbidity currents (McCabe and Dardis, 1989), 

v) The planar cross-stratified gravel beds likely resulted from downslope 

current winnowing (McCabe and Eyles, 1988), 

vi) Sediment imbrication reflects a stacked geometry possibly suggesting 

flow was episodic in character, 

vii) Sand draping of clasts at the facies contact suggests a switch in 

depositional mechanism from high energy turbidity currents to 

suspension reflecting gradual deceleration of flow and dilution of the 

cohensionless debris flow (Winsemann et al., 2007). 

 

The fine-grained facies 2 is interpreted as a part of a delta complex with the 

sediments representing deltaic foreset and bottomset beds deposited by alternating 

phases of turbidite sedimentation and suspension sedimentation. This is based on the 

following evidence: 

 

i) The sand and silt mixture suggests a low energy depositional 

environment, 

ii) The undulating parallel bedding suggests turbulent current deposit. The 

intermittent influx of coarse sands indicates the gradual deceleration of 

flow with quiet deposition of finer sand between the coarser layers 

(Philcox, 2000), 

iii) Suspended load deposition dominated as shown by the presence of the 

sinusoidal ripples (Jopling and Walker, 1968), 

iv) Fluctuating rates of suspended load deposition must have occurred, which 

is shown by the change in size and thickness of the wavy sand and silt 

beds reflecting pulsating turbidity flows (Landvik and Mangerud, 1985), 
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v) A rapid change from suspended to high-energy turbidity currents is 

inferred by the burial of the fine-grained sequence before it could be 

modified by bed traction and by the presence of a sharp erosion contact 

between this facies and the overlying pebble gravels. 

 

Facies 3, 5 and 7 are compared to the basal gravels and interpreted as the product of 

downslope gravity mass flow. Facies 4 and 6 are part of a delta complex with the 

sediments representing deltaic foreset and bottomset beds. The wavy flaser beds of 

facies 6 are the product of stronger currents. None of the facies show evidence of 

deformation, suggesting ice did not readvance over the sediments once deposited. 

 

Depositional Environment 

The cross-bedded pebble and fine cobble gravels of Lough Nacung Pit Face 1 are 

interpreted as the product of a debris flow comprising subaqueous fan sediments 

which subsequently became overlain by delta deposits. Sedimentation occurred 

mainly from quasi-steady turbulent density flows and diluted cohesionless debris 

flows, creating a small fan-shaped delta lobe. As the sediment laden fluid flowed 

over the gently dipping debris flow, sinusoidal ripples formed in the sand and silt. It 

is reasonable to suppose large changes occurred in the hydrodynamic environment 

(changes in velocity, depth of flow, composition and rate of sediment supply) as 

reflected in the association of alternating layers of laminated fine to medium sands 

and silts through to medium gravels (Jopling and Walker, 1968). The gravelly 

deposit may represent short-lived flood events or seasonal steady-state meltwater 

regime depositing into a body of standing water as indicated by the high rate of 

deposition of fines. The sand-rich delta points to shallower water depth while the 

truncated fan that subsequently became overlain by delta deposits records a possible 

drop in lake water level (McCabe and Eyles, 1988). There is no distinct upward 

fining of the sediments so there is no evidence of a general decline in flow power 

with time. The lack of glaciotectonic deformation structures points to an ice-distal 

environment. Within this area it was possible for a proglacial lake to form, bounded 

on the south and north by mountains and on the east and west by retreating ice sheet 

masses. 
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6.2.1.2. Face 2 

 

Description 

The Lough Nacung Pit Face 2 is 4.1 m high and 7.7 m long and is dominated by sand 

(Figure 6.5). There are five facies present: facies 1, the lowermost member, is a 1.2 

m unit of fine to medium parallel laminated sands. No structures are present. A sharp 

contact separates this facies and the overlying facies. Facies 2 is 1.6 m of planar 

cross-bedded coarse sands interbedded with sand-supported, clast-dominated, sorted, 

rounded to subrounded, internally planar cross stratified small pebble gravels. The 

sand beds dip gently and grade laterally into planar beds towards the west. Facies 3 

is 0.85 m, poorly sorted, crudely stratified, matrix dominated cobble gravels. Clasts 

are angular to subangular and are draped over by coarse-granular sand matrix 

towards the top of the unit. Coarse sand pods occur that are internally planar cross-

bedded. An unconformable contact exists between facies 3 and facies 4 which 

comprises 0.5 m of clast-dominated, poorly sorted, faintly cross-bedded cobble 

gravels held in a fine pebble-gravel matrix. The clasts are subangular to subrounded 

and vary in size. 

 

Interpretation 

The overall coarsening upward sequence exposed at Lough Nacung Pit Face 2 

indicates changes between periods of low and high sediment input and flow regimes 

(Lowe, 1982). The fine sediments at the base of the exposure are interpreted as fan-

type sediments. The lack of structures indicates deposition not from strong currents, 

but by gently flowing water in a low-energy environment (Nemec et al., 1999). The 

alternating cross-beds of sands and fine pebble gravels of facies 2 are interpreted as 

low angle foresets which level out into horizontal bottomset beds deposited into 

standing water (Kneller, 1995). The overlying coarser, poorly sorted and poorly 

bedded cobble gravels are interpreted as topsets and with the angularity of the clasts, 

this suggests deposition proximal to the sediment source (relatively constant 

discharge for longer periods (Mulder and Alexander, 2001). The presence of topsets 

indicates that the sediments reached the water surface for a short time at a stage in 

their formation, changing what was probably originally a small fan into a delta 

(Philcox, 2000). The sand drapes suggest periods of low flow or diminishing  
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Figure 6.5 Cross-section sketch, section log and location map, Face 2, Lough Nacung Pit, Gweedore. 
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sediment availability occurred (Winsemann et al., 2007). The sharp erosional 

boundary between facies 3 and 4 reflects the introduction of a high flow regime with 

the coarse-grained nature of the sediment indicating high flow velocities. The plane-

bedded, poorly sorted cobble gravels may point towards glaciofluvial outwash, 

probably into a subaqueous environment (McCabe and Eyles, 1988). 

 

Depositional Environment 

Lough Nacung Pit Face 2 is an extension of Face 1. This sequence is deltaic in 

nature, reflected in the foreset sand and pebble gravel beds which grade laterally into 

flat-lying toesets topped by the overlying coarser cobble gravel topsets. The different 

components of the delta have been unaffected by erosion subsequent to initial 

deposition and, with the lack of glaciotectonic deformation structures, point to an 

ice-distal environment. The capping of the sequence by clast dominated, poorly 

sorted cobble gravels indicate glacial outwash surface. The sharp erosional contact 

that separates the topsets from the outwash suggests rapid emplacement of the 

outwash surface. 

 

The Lough Nacung Pit shows that delta formation is more complex than the 

relatively simple model of falling lake levels. It incorporates both a delta zone 

characterised by bottomsets, foresets and topsets and a transitional zone 

characterised by gravelly lenses within sandy sediment, erosional surfaces and cross-

cutting gravelly sediment (Philcox, 2000). Sedimentary variation within this zone is 

interpreted as subaqueous fan deposition. The retreat of ice is marked by the 

extensive deltaic sediments of Lough Nacung, which were formed in a glacial lake 

impounded between the ice margin and the surrounding mountains. 

 

 

6.2.2. Gweedore Pit I 

 

Gweedore Pit I is situated on the lower southwestern slopes of Cronalaght Mountain 

at a height of 150 m a.s.l. The entrance to the pit is located on the R258 and there is a 

steep climb from 50 m to 150 m a.s.l before any excavations are evident. The pit has 

only been newly opened and is one of the smallest operations in the local area (Plate 
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6.4). To the north of the pit, the slopes of Cronalaght Mountain appear to flatten off 

and a terrace-like feature at Meenderrygamph is evident. The back wall of the pit 

ends close to a minor road that transects this terrace feature. To the south, the pit 

overlooks the low lying area of Dore. As this is a new pit there were only two 

exposures excavated at the time of study with only one suitable for detailed analysis. 

 

 

6.2.2.1. Face 1 

Description 

The exposure at Gweedore Pit I is 27 m long, 5.2 m thick and shows an overall 

fining upwards pattern (Figure 6.6). No bedrock is evident at this exposure. The 

exposure comprises a light grey firm, compact and overconsolidated poorly sorted 

sandy diamicton. Clasts are subangular to subrounded predominantly cobble in size 

held in medium sand that is tabular subhorizontally bedded. Large faceted and 

striated anvil shaped to subrounded boulders are present with no evidence of 

deformation of the matrix beneath the large clasts. The diamicton contains a large 

component (72%) of locally derived quartzite bedrock with meta-dolerite (20%) and 

granite (8%) clasts also present. Shear foliations are continuous (up to 0.4 m long) 

and are parallel with the ground surface with a preferred a-axis orientation of clasts  

Plate 6.4 View of Gweedore Pit I from the entrance into the pit just off the R258. 
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Figure 6.6 Cross-section sketch, section log and location map, Face 1, Gweedore Pit I. 
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parallel to the south-eastern direction of the applied shear stress. At the top of the 

exposure, a unit different from the host diamicton consists of a more homogenised 

and matrix rich unit where cobble clasts gradually become replaced by small pebble 

clasts that are horizontally stratified with sub-horizontal fissures evident. 

 

Interpretation 

The diamicton at Gweedore Pit I is interpreted as a lodgement till as it is firm, 

compact, overconsolidated and has fissile partings reflecting shears. The shears are 

related to the stress applied by the moving glacier and are laterally consistent 

throughout the exposure. The rounding of the large boulders suggests large scale and 

turbulent transport processes, as opposed to the more in situ processes of lag deposits 

which would have little subsequent effect on rounding. Clast pavements stretching 

out from the large boulders are evident, showing that the lodged boulders caused the 

retardation of further debris protruding from the glacier sole. The upper unit of 

stratified sand and pebbles with sub-horizontal fissures suggest small-scale 

variations in composition, clast size and/or water content, and is interpreted as the 

product of thin water films at the ice-bed interface (Knight, 2002). 

 

 

6.2.3. Gweedore Pit II 

 

The Gweedore Pit II is situated adjacent to Gweedore Pit I and is therefore also cut 

into the lower slopes of Cronalaght Mountain located at a height between 100-140 m 

a.s.l. The back wall or northward extent of the pit borders a flat surface or bench 

which exists at 150 m a.s.l. This bench is extensive, skirting the lower southwestern 

slopes of Cronalaght, and is punctuated only once by a single hillock that stands at a 

height of 160 m a.s.l. Extending further north from the bench, the slope of 

Cronalaght Mountain climbs sharply from 150-220 m a.s.l. before another bench, 

much smaller in size, is reached. To the south, the pit overlooks a flat low lying area 

occupied by forestry and numerous small unnamed lakes. There are three sections to 

this pit all descending downslope. Section 1 is the highest excavation at 140 m a.s.l. 

and faces due north. This is the smallest section and contains only one small face 
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(Face 1). Section two and three, located at ~120 m a.s.l. and 100 m a.s.l respectively, 

face eastwards where Face 2 and Face 3 are exposed. 

 

 

6.2.3.1. Face 1 

 

Description 

The Gweedore Pit II Face 1 is 1.7 m high and 2.4 m long (Figure 6.7). Bedrock 

comprises the lower 0.8 m of this exposure. The bedrock is burnt orange in colour, 

breaks away easily and crumbles into a granular sand when touched (Appendix D3). 

This rock surface is deeply weathered making identification difficult, but it was 

estimated to be of local quartzite bedrock. A light brown overconsolidated clast rich 

diamicton is present for 0.6 m. Clasts are angular at the base and become subangular 

with increased distance away from the underlying bedrock. None of the clasts show 

any rounded facets and many clasts have been broken and smashed apart particularly 

at the base of the diamicton. Clasts are supported in a silty to fine sand matrix with 

the volume of supporting matrix increasing upwards. The diamicton is fissile with 

the partings interpreted as shear structures, as they are near parallel with the slope of 

the ground and have prolate clasts aligned along their surface in places. The deposit 

is massive and unsorted. Peat overlies the diamicton with a thickness of 0.3 m. 

 

Interpretation 

The diamicton is composed of displaced angular bedrock clasts in exposure 

Gweedore Pit II Face 1. This suggests that it was subjected to shearing and was 

possibly dragged along the sole of the overriding ice resulting in a stony tectonite 

that now overlies the truncated bedrock surface. The brecciated sediment is 

interpreted as a glaciotectonite and is attributed to subglacial friction, point pressure 

and abrasion in a debris-rich, dynamic zone at the glacier's shearing base (Meehan, 

1999). The glaciotectonite is only a few centimetres thick indicating the source area 

was only a distance of one to a few kilometres away (Banham, 1977). Higher up in 

the diamicton facies the size and angularity of the clasts decreases and there is more 

matrix present. The diamicton here assumes more of the characteristics of a basal  
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Figure 6.7 Cross-section sketch, section log and location map, Face 1, Gweedore Pit II. 
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lodgement till, where the clasts were incorporated into the till by shearing, with the 

fissility in the till reflecting the shearing process. 

 

 

6.2.3.2. Face 2 

 

Description 

The Gweedore Pit II Face 2 is 8.8 m high and 13.3 m long (Figure 6.8). The 

stratigraphy consists of three facies. The sequence generally fines upwards, from a 

coarse angular breccia to massive matrix-rich diamicton. Bedding planes, where 

present, dip southwestwards. A striated bedrock surface comprises the lowermost 1.2 

m while dipping southwards along the exposure's length to 0.5 m. The quartzite has 

sub-horizontal joints, stained orange in places with the bedrock surface 

predominantly sub-angular and irregular (craggy). At the sediment bedrock interface 

along the section, a coarse breccia is present of variable thickness. The breccia is 

partially incorporated into an overlying diamicton which is 3.6 m thick (Appendix 

D4). This diamicton is light grey, massive and consists of angular cobble sized clasts 

held in a silty matrix. Several clasts appear to be only partially dislocated from their 

source bedrock location, as geometry of their faces reflects the juxtaposed bedrock 

surface. The volume of matrix increases with greater distance from the bedrock. 

Orange patches occur in the diamicton and upon inspection are revealed as blocks of 

highly jointed bedrock slabs. A non-erosional, sharp to transitional contact separates 

this facies from an overlying unit. The upper facies is 3.5 m thick and consists of a 

sandy matrix supported, dispersed clast diamicton. There are no structures in the 

diamicton. The clasts are subangular to subrounded small boulder to cobble in size 

dominated by meta-dolerite (54%) and quartzite (46%) lithologies. Shear planes are 

present and in places clasts appear to be stretched out or aligned along the shears. 

Fabric analysis carried out on the clasts indicates a strong preferred orientation of a/b 

axes dipping towards the south-east. The diamicton tapers out and is replaced by 

another facies. This facies is massive to crudely stratified, pebble-rich diamicton 

distinguishable from all others in the exposure as it is near white in colour. The 

diamicton sits directly on top of the breccia and the lowermost diamicton at the most 

southerly part of the exposure. Clasts are subangular to subrounded pebbles with one  



 

151 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8 Cross-section sketch, section log and location map, Face 2, Gweedore Pit II. 
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small outsized boulder held in a trough cross-bedded, fine sand matrix that coats all 

clasts within the facies (Appendix D5). 

 

Interpretation 

The breccia at the base of Gweedore Pit II Face 2 resulted from direct erosion of the 

bedrock surface by ice. Ice advance over this location must have been sufficiently 

slow to allow penetration of basal ice along bedrock joint planes with the plucking of 

slabs of bedrock to occur. The dislocation and entrainment of bedrock blocks into the 

basal ice layer and subsequent deposition must have occurred over short distances as 

evidenced by the little inter-clast abrasion and rounding of the clasts. The transition 

into a diamicton composed of displaced angular bedrock clasts reflects a change in 

energy regimes rather than a change of the depositional mechanism (McCarron, 

2000). The diamicton is interpreted as a stony tectonite that overlies the truncated 

bedrock surface. The increase in matrix volumes with increased distance from the 

bedrock suggests that the aggradation of locally plucked clasts into a massive chaotic 

glaciotectonite is gradually replaced by the gravitationally driven sliding of finer-

grained debris (Menzies, 2002). The upper diamicton is interpreted as a lodgement 

till because of its: i) fissile nature, ii) overconsolidation, iii) the multimodal particle 

size distribution, iv) the presence of shear plains and v) a strong oriented fabric. The 

rounder nature of the clasts indicates increased abrasion of plucked clasts from 

increased sediment transport distances, and possibly reflects a change in the 

sediment source. The absence of overfolds or thrust shears in the surface of the white 

diamicton suggests that it was not deposited as a basal lodgement till under high 

pressures and shear strains. Instead, the finer sandy matrix suggests settling of fine 

sediment within periods of relative quiescence and therefore could be interpreted as a 

melt-out till. 

 

 

6.2.3.3. Face 3 

 

Description 

The exposure at Gweedore Pit II Face 3 is 12.75 m long, 6.9 m high and comprises 

three facies (Figure 6.9). The lowermost facies consists of 0.7-0.9 m of exposed  
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Figure 6.9 Cross-section sketch, section log and location map, Face 3, Gweedore Pit II. 
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quartzite bedrock surface. The bedrock surface is directly overlain by 0.2 m of 

cobble breccia which grades upwards into 1 m light brown, overconsolidated, clast 

rich diamicton. Clasts are angular and many have been pulverised and smashed 

apart, particularly at the base of the diamicton. Clasts are supported in a orange 

brown coloured silty matrix with the volume of supporting matrix increasing 

upwards. Slabs of quartzite are present throughout the diamicton which have been 

dislocated from their source bedrock location. Facies 2 is 1.8-2.0 m of light brown, 

weakly stratified, compacted, clast rich diamicton. Subangular to subrounded clasts 

of meta-dolerite (50%), granite (6%) and quartzite (44%) range from cobble to 

boulder size held in a fine grained matrix of medium to coarse sand. Several clasts 

are near-vertical in alignment with the size, frequency and roundness of clasts 

increasing towards the top. Fabric analysis shows that the prevailing palaeo-flow 

direction is to the northeast. A cluster of openworked, massive cobble to boulder 

gravels held in a fine white sand occur. Several clasts in the cluster show varying 

degrees of rounding but most are subangular. A recumbent fold and flame structures 

are present at the contact between facies 2 and 3 which is unconformable and loaded 

(Appendix D6). Facies 3 is the upper 3.2-3.4 m of matrix rich, stratified, white sandy 

diamicton containing edge rounded, coated pebbles to small cobbles. At the northern 

extremity of the exposure a thickening lense of openwork pebble gravels and poorly 

sorted matrix poor cobble diamicton is present, which gradually becomes replaced 

southwards along the exposure by the matrix rich diamicton of facies 3. The 

proportion of matrix decreases upwards with an associated increase in clast size and 

frequency (to large cobble size). The diamicton contains horizontal and 

discontinuous sandy stringers (<0.2 m thick) that are contorted, while lenses of near-

vertically aligned pebble gravels stretch out from the contact into the diamicton. 

 

Interpretation 

The breccia at the base of the exposure at Gweedore Pit II Face 3 consists of plucked 

clasts that have been transported over relatively short distances and thus were 

subjected to little erosion and sorting. The presence of pulverised bedrock suggests 

that the sediment could not have been squeezed into its current position as a 

sediment flow, but instead has been bulldozed in a subglacial environment. The 

massive overlying diamicton (facies 1) consisting of angular bedrock clasts in a 

poorly sorted silty matrix shows a lack of evidence for water sorting, and is inferred 
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to be a stony tectonite resulting from the shearing and dragging of debris along the 

sole of the overriding ice (Meehan, 1999). Based on the occurrence of clast clusters, 

dense compaction, fine grained matrix with larger more rounded clasts, strong fabric 

and clasts dominated by local lithologies, the overlying diamicton (facies 2) has been 

interpreted as a lodgement till. The injection of lodgement till into the uppermost 

diamicton suggests the till was compacted as a result of water evacuation as the ice 

overrode it. The recumbent folds suggest deformation of the sediment following 

initial deposition. The uppermost white sandy diamicton (facies 3) is interpreted as a 

melt-out till. The normally consolidated, folded nature of the diamicton with the 

presence of washed sands suggests that it is a melt-out till or deformation till. The 

diamicton is not a blocky deposit (expected for a sediment that is melt-out in origin), 

and may be due to the fact that the clasts within the sediment has been transported 

high in the ice, further from its base than was the case for the breccia or facies 1 

(Meehan, 1999). This results in the clasts being in the ice longer, and presumably 

travelling farther, resulting in inter-clast abrasion and rounding of the clasts which is 

evident. The melt-out was water-saturated, as evidenced by the vertical lenses of 

pebbles representing post-depositional dewatering of the sediment upon compression 

(Rijsdijk et al., 2010). The sand beds represent the deposition of finer material from 

a distal or low-energy input and suggest a period of slack water deposition. The 

tripartite internal stratigraphy evident at this exposure may be considered to be 

(glaciotectonite - lodgement - melt-out) the result of commonly occurring subglacial 

processes. 

 

Depositional Environment 

The sediment sequence can be viewed as representing various stages of subglacial 

environmental development indicated by the degree of clast angularity, matrix 

concentration, matrix characteristics and degree of stratification. As the ice advanced 

across this surface, penetration of basal ice along bedrock joints was facilitated by 

the fact that the bedrock surface is deeply weathered in this area. The plucking, 

dislocation and entrainment of slabs of bedrock surface occurred in the basal ice 

layers producing a breccia evident in this location. As subglacial shearing continued 

with the dragging of the sediment along the sole of the overriding ice, a stony 

tectonite (subglacial traction till) developed and overlies the brecciated bedrock 

surface. A lodgement till was then deposited subglacially under pressure melting 
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conditions. As the ice came into contact with the bed, frictional heat occurred, 

resulting in ice-encased debris being released into the contact zone between the ice 

and the bed. The clasts in the lodgement till display a greater degree of roundness 

indicating increased sediment transport distances for this till in comparison to the 

glaciotectonite. A melt-out till caps the area and was formed as a result of in situ 

melting and subsequent deposition from the subglacial zone. The formation of this 

subglacial melt-out till is significant as it records basal ice stagnation and subsequent 

thawing of the ice encased debris onto the glacier bed.  

 

 

6.2.4. Gweedore Pit III 

 

Gweedore Pit I, II and III occur in a row along the R258 from Gweedore to Bunbeg. 

Gweedore Pit III is the oldest and largest operation and as a result most soft sediment 

had already been removed at the time of analysis. Activity in the pit now centres on 

bedrock extraction (See Plate 6.5 and 6.6). Excavations begin at 100 m a.s.l. and rise 

steeply to 150 m a.s.l. A minor road acts as the northern boundary of the pit. To the 

south, the pit overlooks a flat low lying area occupied by forestry and numerous 

small unnamed lakes. There was one available exposure within this pit that was 

suitable for analysis. 

 

 

Plate 6.5 View of Gweedore Pit III from the entrance to the quarry. 
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6.2.4.1. Face 1 

 

Description 

The exposure at Gweedore Pit III Face 1 is 51.4 m long, up to 7.2 m thick and 

consists of four units that are laterally discontinuous (Figure 6.10). At the base of the 

exposure up to 3 m of intact, undeformed but jointed quartzite bedrock is evident. 

The bedrock is orange in colour and red-brown along the larger joints and fractures. 

At the bedding planes, the rock has disintegrated into a pebbly sand with the same 

rusty weathered zone having developed on both sides of the fractures. A clear sharp 

boundary exists both between the reddish-brown intense FeOx fractures and joints 

and the surrounding orange bedrock. The contact between the bedrock and overlying 

unit is varied, with the overlying unit being wedged against the bedrock to the east 

while being more injected into bedrock through the fractures in the west. At the most 

westerly extreme of the exposure bedrock is not evident. 

 

Facies 1 is up to 1.6 m thick and comprises a bed of brecciated and deformed 

quartzite. Much of the primary bedrock structure is retained with a single horizontal  

Plate 6.6 An alternative view of Gweedore Pit III. 
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Figure 6.10 Cross-section sketch, section log and location map, Face 1, Gweedore Pit III. 
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slab-like bedrock feature occurring in this unit. This bedrock raft is composed of a 

relatively thin slab (1.2 m) where the sedimentary and structural features of the 

parent material have been retained. The raft is an angular to subangular tabular body 

of rock. Internally, it appears to be undeformed however, at a larger scale the raft 

forms part of a large nappe-like fold structure (Appendix D7). Directly overlying the 

raft is a thin unit (0.2 m), facies 2, of heavily deformed, brecciated quartzite where 

the primary bedrock structures are largely unidentifiable. Facies 3 sharply overlies 

facies 2 with one location along the contact being marked by an eruptic clastic dyke 

where the clasts within it are aligned vertically and are silt coated. Facies 3 

comprises a zone up to 2.4 m thick of massive, predominantly matrix-supported 

diamicton with dispersed clast-supported zones. The matrix grades laterally from a 

white silty to fine sand in the east to a grey coarse sand in the west. The clasts from 

the diamicton are subangular to subrounded up to small boulder in size and contain 

far-travelled constituents predominantly in the coarser fractions (quartzite 68%, 

meta-dolerite 26%, granite 4% and quartz 2%). Brittle fracturing and striations are 

evident on the larger boulders while some of the smaller boulders have aligned to 

form a boulder pavement. 

 

Interpretation 

The sediments exposed at Gweedore Pit III Face 1 are heterogeneous and reflect a 

spatially and temporally variable mosaic of subglacial processes that once operated 

at this location. The complex interplay of processes has overprinted the sedimentary 

and structural signatures of the sediment to such an extent that it is very difficult to 

genetically classify the till sequence. However, what is apparent is that the sediments 

show: i) the destruction of bedrock structures and the occurrence of a bedrock raft; 

ii) the complete brecciation of the bedrock; and iii) the intermixing of diamicton with 

erratic clasts. In relation to the bedrock, iron was introduced most likely by water 

percolating along the fractures cutting through the bedrock forming the red-brown 

weathering rinds. The geochemical processes which have taken place during the 

weathering event must have been significant to reduce the quartzite bedrock to a 

gritty powder. Facies 1 and 2 are interpreted as representing stages in the 

glacitectonization of the quartzite bedrock. The bedrock has been subglacially 

displaced by shearing in response to the injection and wedging of till into a sub-

horizontal fracture. Therefore facies 2 and facies 3 are the product of shear stresses 
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exerted by the overriding ice (Evans et al., 1998). Variations between facies 1 and 

facies 2 result from increased strain in response to more intense and/or more 

prolonged shearing of facies 2. The mechanical breakdown of the bedrock probably 

provided the material for the matrix of facies 3. The detachment of a glacial raft at 

the contact between facies 1 and facies 3 indicates that bedrock continued to be 

plucked from the bed during the early stages of diamicton deposition (Burke et al., 

2009). The diamicton is interpreted as a subglacial traction till that records the 

incorporation of materials over the locally thrusted bedrock. The preservation of 

bedrock matrix in facies 3 and the occurrence of a bedrock raft at the base suggests 

that displacement involved only short travel distances. The boulder pavement 

represents an erosional lag within the deforming bed and reflects subglacial 

deformation bed erosion within the shearing zone. The eruptive clastic dyke is 

interpreted as an indication of overpressurized water movement relating to 

hydrofracturing between the near-impermeable quartzite bedrock and the sediment 

succession as a result of increased subglacial porewater pressure (Rijsdijk et al., 

1999). The boulder pavement and water escape structure may be associated features 

resulting from glacial processes operating at seasonal cycles of melting and re-

freezing. Each cycle incorporated a summer subglacial thrusting, shearing and 

pulverizing of bedrock followed by its incorporation into the base of a subglacial till 

by overriding ice as is shown in facies 1 to 3. This is then proceeded by winter freeze 

on of subglacial sediment ending in an early summer melt-out that initiated 

porewater migration and water escape sediment flow as shown at the contact 

between facies 1 and facies 3. Repeated reworking of the sediment would produce 

overprinted strain signatures and clast pavements as shown. This exposure relates to 

the evolution of a glaciotectonite - subglacial traction continuum beneath the ice 

sheet in this location. 

 

 

6.2.5. Gweedore Pit IV 

 

This pit is located at the highest elevation within the Gweedore area at 158 m a.s.l. 

and is situated on the south western slopes of Cronalaght Mountain. The isolated hill 

in which this pit has been excavated is accessed via a third class road of the R258 
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routeway. To the north of the pit, elevation rises steeply from 160-246 m a.s.l. To the 

south of the pit, elevation descends equally as sharp with slopes decreasing from 

150-50 m a.s.l. It appears that the isolated hill is located on a terrace or bench like 

feature on the south-western slopes of Cronalaght Mountain (Plate 6.7). The pit has 

been extensively excavated with a similar sediment architecture occurring 

throughout the pit. Owing to this, three exposures were analysed in detail. 

 

 

6.2.5.1. Face 1 

 

Description 

The Gweedore Pit IV Face 1 exposure is 25.2 m long, 4 m thick and consists of 

bedrock overlain by a diamicton. The bedrock occupies the lowermost 2.8 m, is light 

grey to peach in colour, is of local quartzite and is highly fractured (Figure 6.11). A 

sharp contact exists between the bedrock and the overlying diamicton. The diamicton 

rests perfectly on top of the quartzite without any intrusion into the bedrock or any 

dislocated rock slabs into the basal zone of the diamicton, giving the diamicton a 

blocky appearance. The diamicton is normally consolidated, stratified, crudely 

sorted, light grey in colour and dominated by a fine grain matrix with large clasts. 

Clasts are predominately flat-topped with larger clasts (small boulder in size) mainly 

confined to the base fining upwards into small cobbles all supported in a sandy 

Plate 6.7 View of Gweedore Pit IV from the lower slopes of Cronalaght Mountain. 
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Figure 6.11 Cross-section sketch, section log and location map, Face 1, Gweedore Pit IV. 
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matrix (Appendix D8). Clasts are subangular to subrounded, lack any striations and 

appear to be plastered into the matrix with draping of sand and diamicton strata over 

the clasts. Lithological analysis shows that quartzite clasts dominate (52%). 

 

Interpretation 

The fact that the diamicton is not consolidated, fissile, sheared or folded together 

with the absence of displaced bedrock suggests the diamicton is not a lodgement till 

(Meehan, 1999). Instead, the diamicton is interpreted as melt-out in origin. The sharp 

contact between the till and substrate shows no diffusive mixing and infers passive 

melt-out with the substrate undisturbed. This subglacial melt-out till reflects the slow 

and largely passive release of sediment from debris-rich stagnant basal glacier ice 

(Evans et al., 2006). Good drainage and low ice content may perhaps have combined 

to: i) produce low porewater pressures in the accumulating melt-out sequence 

thereby giving an apparent lack of structures and ii) may have aided its preservation 

(Iverson, 2010). What is apparent is that modification of the subglacial hydraulic 

system and/or modification of the subglacial thermal regime appears to have initiated 

widespread subglacial till melt-out at this location (McCarron, 2000). 

 

 

6.2.5.2. Face 2 

 

Description 

Face 2 at Gweedore Pit IV is identical to Face 1. At a meso-scale analysis, it is 

apparent that a combination of depositional processes operated and so a forensic 

examination of this exposure was carried out (Figure 6.12). 

 

Facies 1 is composed of alternately bedded units of massive, fine-grained diamicton 

and thin, continuous beds of sand and silt. The diamicton beds are moderately 

compact and composed of up to 40% silt. Clasts within this unit vary from pebble to 

small boulders, shapes are variable (spheres, rollers, and blades) and roundness is 

variable (subangular to subrounded). Clast fabrics analysis from these beds 

demonstrate that clasts are mostly well-oriented. Discontinuous and millimetre thick 
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Figure 6.12 Section log and photograph showing facies boundaries for Face 2, Gweedore Pit IV. Additional lithofacies codes and descriptions used, sourced from Ó Cofaigh 

et al. (2010). 
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laminae of sand and silt drape the clasts. Facies 2 is a thick unit of massive, 

downward infills of fine sand. 

 

Facies 3 is a darker, matrix-supported, more compact, silty–sandy diamicton with a 

higher content of locally derived clasts. Clasts have clearly defined long axes 

showing the same imbrication as facies 1 with an ‘en echelon’ clustering of small 

boulders and cobbles into bands. Bending and deformation of beds can be observed 

in connection with the larger clasts where sand beds form an synclinal bending 

below the clasts. The diamicton is stratified, made up of discontinuous wavy 

subparallel beds that show lateral and vertical crude grading between lenses of more 

silty and more sandy diamicton. There is a frequent occurrence of pockets of 

intrabeds of thin to very thin, predominantly massive but occasionally planar 

parallel-laminated, silt and sand beds occur where the contact with the enclosing 

diamicton is indistinct. 

 

Interpretation 

Face 2 at Gweedore Pit IV is identical to Face 1 and points to the same genetic 

interpretation of the exposed sediment – i.e. melt-out till. The alternation of till and 

sorted sand and silt interbeds of facies 1 represents release of debris from the ice 

(Hunter et al., 1996). When the meltwater flow competence was low, the release of 

glacial debris was affected only by winnowing processes, i.e. removal of fines, 

thereby producing this graded diamicton (Fisher and Taylor, 2002). The draped 

laminae of sand and silt over large clasts is interpreted as a result of differential 

vertical settling/consolidation during the debris melt-out process (McCabe and Eyles, 

1988). The defined fabric suggests a subglacial origin and the clasts, showing a 

slightly varying degree of orientation, can be explained by the limited free fall at 

clast release during the winnowing process (Munro-Stasiuk, 2003).  

 

Facies 2 is interpreted as a water escape structure. Where geothermal heat melts the 

basal ice of the glacier from the bottom up, the generated meltwater will enter the till 

and drain through the pore space of the till following the hydraulic gradient (Wysota, 

2007). However, in the case of this melt-out till where debris content is low, the 

initial pore space was possibly too large for the till to support the overburden and 

porewater assumed much of the pressure (Carlson, 2004). This reduced the effective 
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pressure below zero, and dewatering structures formed as shown by the bed pillar 

structure in the massive fine sand of facies 2 (Carlson, 2004). 

 

Observed deformation at clast contacts in facies 3 (where sand beds can be seen to 

bend conformable to the basal configuration of the clast surfaces) indicates passive 

clast settling. In this scenario, the subglacial drainage pattern was unchanged for 

some time and differential melting both enlarged and moved vertically upwards into 

the ice creating an ice cavity over time (Möller, 2010). Clasts were held in the roof 

of the ice cavity for some time forming areas of ‘debris melt-out shadow’ in which 

sorted sediment was deposited until it filled to the level of the clast, or until clasts 

melted out into the sediment (Möller, 2010). The variation in texture and structures 

of the sub-clast sediment depends on flow competence of the stream cavity (Hunter, 

1996). The gradational contact between sorted sediment and overlying diamicton 

indicate a waning flow situation, where deposition is by the winnowing of fines from 

the melting ice/bed contact by release of englacial debris, i.e. a passive melt-out 

scenario (Hart, 1998). The banding and stratification is interpreted to be inherited 

from glacier ice as a result of englacial textural differentiation and debris-band 

preservation. The imbrication of the clasts is interpreted as being englacially derived, 

indicating compressive flow with shear stacking and/or folding of debris-rich ice 

with high debris content (Wysota, 2007). Stagnation and subsequent melt-out led 

predominantly to a preservation of the englacial clast orientation. 

 

In summary, this till is best explained as basal melt-out with syndepositionally 

deposited sorted sediment beds reflecting the deposition in subglacial cavities. The 

varying textural composition reflects changes relating to debris content and release, 

drainage, consolidation, time and melt rate, effective pressure, hydraulic gradient and 

the mechanisms of dewatering. 

 

6.2.5.3. Face 3 

 

Description 

The Gweedore Pit IV Face 3 is 61 m long and 6.15 m thick and comprises five facies 

(Figure 6.13). Weathered bedrock exists at the base of this exposure. The bedrock is 
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a light pinkish grey to pale orange colour and is up to 4 m thick. The distinct colour 

reflects the intense weathering of the bedrock, identified as local quartzite which is 

both soft and friable. A granitic dyke, 3.2 m thick, intrudes the quartzite. This dyke 

has weathered to a clayey-silty argillaceous saprolite with chemical 

alteration/decomposition increasing with depth (Appendix D9). 

 

A sharp contact separates the bedrock from the overlying facies 2. This is a light 

brown diamicton which rests on top of the bedrock without any intrusion into it. 

However, sheared substratum material, in the form of small pebble clasts are aligned 

along a thin layer just above the contact. The diamicton is normally consolidated, 

massive and dominated by a fine grain silty matrix that coarsens upwards to a 

horizontally stratified coarse sand matrix. Clasts are composed almost exclusively of 

far-travelled lithologies and are subrounded to rounded in shape. The diamicton of 

facies 2 is laterally discontinuous both to the northwest, where it is squeezed out by 

facies 3 and to the southeast, where is it gradually replaced by facies 4. 

 

At the north-western section of the exposure, facies 3 dominates, where it is 2.95 m 

thick and is the only facies evident. It is characterised by light brown, massive, 

unsorted, clast rich diamicton that contains angular clasts of cobbles and boulders set 

in a sand/silt matrix. Some clasts are light pinkish in colour and appear to have been 

displaced from the weathered bedrock below. The majority of clasts show a similar 

alignment and are streaked out as a thin layer (0.2 m thick) on top of facies 2. A 

sharp contact separates facies 2 and facies 3. Facies 4 is present at the south-eastern 

section of the exposure. At its thickest, it is a 1 m unit of brown, compact, matrix 

supported, crudely stratified diamicton. The majority of clasts are subangular to 

subrounded cobbles with aligned long axes parallel to the direction of applied local 

stress. One large outsized boulder (>2 m) is evident at the contact between this unit 

and the overlying unit. Where facies 4 comes into contact with the bedrock below, 

reworking of the underlying weathered bedrock/rotted material is evident, with clay 

forming a major component of the matrix giving it a distinctive orange-brown 

colour. 

 

Facies 5 caps the exposure. This is 0.2-1 m thick and consists of poorly sorted 
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Figure 6.13 Cross-section sketch, section log and location map, Face 3, Gweedore Pit IV. 
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matrix-supported diamicton. Clasts are angular to very angular, are embedded in 

matrix of coarse sand and are ubiquitously a whitish grey colour regardless of 

lithology. Clasts increase in size and frequency with depth. They appear to be 

crudely sorted where there is a surface concentration of large cobble sized clasts, an 

underlying matrix-rich layer where clasts are predominantly small cobble and pebble 

in size and a basal layer of angular cobble to boulder sized clasts. The splitting and 

cleaving of clasts is common. 

 

Interpretation 

The loose, unsorted, blocky deposit of facies 2 suggests this unit is a melt-out till 

(Meehan, 1999). The presence of a thin layer of clasts above the substratum 

indicates that the melt-out till may have formed at the glacier sole (Dreimanis, 

1983). The over-consolidation, the displacement of bedrock and its cannibalisation 

resulting in the clast rich facies 3 suggests it originated as a glaciotectonite till 

(Davies et al., 2007). It appears as though the glaciotectonite was shunted or 

bulldozed into its position, cutting through the melt-out till. The massive, 

overconsolidated diamicton of facies 4 is interpreted as a basal lodgement till where 

the fissility in the till reflects the shearing process (van de Meer et al., 2003). The 

single outsized boulder embedded in facies 4 may have originated as a corestone 

exhumed from the saprolite cover below, or perhaps it was transported and 

emplaced as part of the lodgement till. Facies 5 is interpreted as a frost-modified till. 

It shows clast grading with depth and is interpreted as frost-weathered debris, 

attributing the coarser fraction to macrogelivation, the fines to contemporaneous 

microgelivation and the concentration of larger clasts at the surface to vertical frost 

sorting (Ballantyne and Harris, 1994). This may also have contributed to the vertical 

alignment of the clasts. The angularity and the splitting and cleaving of clasts 

suggests the prominence of the freeze-thaw processes resulting in the disaggregation 

and disintegration of the clasts (Ballantyne and Harris, 1994).. Such processes 

indicate weathering under periglacial conditions. The bleached appearance of the 

clasts possibly relates to the effects of prolonged burial in acidic conditions, i.e. the 

corrosive potential of the overlying peat cover. Such a depositional setting covers 

the whole process spectrum from passive melt-out to pulverisation of the bedrock to 

clast/matrix lodging and finally to frost weathering. 
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6.3. Clay Mineralogy Analysis 

 

The rotted bedrock at Gweedore Pit IV shows alteration increasing with depth 

indicating that weathering was a product of hydrothermal rather than subaerial 

alteration. The presence and intensity of alteration shown suggests it may be a 

potential proxy record for both palaeo-climatic changes and landscape evolution in 

the area. Rotted bedrock was also identified at Gweedore Pit II and Lough Neill Pit I. 

Five samples in total were collected from the detrital material of the study area and 

X-ray diffraction analysis was carried out in an effort to reconstruct the palaeo-

climate that caused such bedrock decomposition. 

 

X-ray diffraction identified a range of clay minerals for the samples analysed (Table 

6.1). The sample from Gweedore Pit IV was found to have mica (biotite) in the air-

dried preparation. Iron oxide goethite was also identified, while the DMSO treatment 

indicated the presence of kaolinite/chlorite. Kaolinite, one of the most common soil-

derived clay minerals, is believed to be a characteristic of humid tropical conditions 

where it forms as a result of intense chemical weathering on land where abundant 

rainfall favours ionic transfer and pedogenic development (Millot, 1970). 

 

However, the presence of kaolinitic weathering crusts can no longer be interpreted as 

an indicator of tropical weathering without confirmation provided via stable isotope 

analysis (Srodon, 1999). It has been suggested that high-latitude kaolinitic 

weathering of the northern hemisphere may also have occurred in temperate and cold 

climates (Sequeira-Braga et al., 1990). Chlorite, also present in the sample, is the 

dominant clay mineral of immature soils that have undergone little chemical 

weathering. This clay mineral is supposedly characteristic of cold regions marked by 

very low rates of weathering (Hallam et al., 1991). Yet again, without stable isotope 

data nothing conclusive can be made regarding prevailing climatic conditions. What 

can be inferred however, is that the clay mineral assemblage of the study area 

indicates changes in the degree of weathering and thus reflects changing climatic 

conditions. 
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Each of the geochemical indicators shown in Table 6.1 is determined by a number of 

environmental factors. As a result, any presumed age and/or palaeo-climatic 

interpretation based on the presence of a single clay mineral is somewhat 

speculative. Nevertheless, the survival of the friable saprolites demonstrate the 

singular ineffectiveness of the ice sheet at specific locations in the study area, which 

did little to modify the landscape. The common occurrence of melt-out till capping 

the weathered palaeo-surface substantiates the fact that minimal glacial erosion took 

place at these location and implies that ice was stagnant and inactive. Also, the 

incorporation of the detrital material into the overlying glacial tills suggests the 

weathering event pre-dates glacial deposition of the tills. 

 

 

 

Table 6.1 Clay minerals identified from decomposed bedrock located throughout the study area. 
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6.4. Geophysical Investigation 

 

A feature worth noting regarding the Gweedore Area is the presence of upland tors 

that exclusively occur along the southeastern slope of Cronalaght Mountain. The 

tors, identified as residual masses of bare quartzite bedrock that rise conspicuously 

above the surrounding topography, occur as either: i) scarp-edge tors that fringe the 

upland plateau; or ii) tors that rise above the break of slope between the plateau 

surface and the valley side (Plate 6.8). These tors are isolated by free-faces on all 

sides. The tors, whether scarp-edged or free-faced, are characteristically very similar; 

both comprise highly fractured quartzite bedrock, both show an apparent lack of 

corestones or evidence for deep weathering, they extend at least 0.5 m below the 

ground surface and all are skirted with immature talus. The only difference is the 

elevation at which they occur, with the scarp-faced tors occurring at 370-380 m a.s.l. 

and the free-faced tors at 250-261 m a.s.l. These residual landforms represent the end 

product of two possible evolutionary pathways: i) they evolved exclusively as a 

result of differential frost weathering and periglacial mass movement; or ii) they 

represent the resilient residuals that were merely exhumed from a pre-existing sandy 

grus under periglacial conditions (Ballantyne and Harris, 1994). Whatever the origin 

of these tors, their presence in upland areas has previously been used as diagnostic 

criteria for relict landscapes and provides a measure of the relative inefficiency of 

glacial erosion at these locations (Linton, 1949, 1959; Sugden, 1968; Goudie and 

Piggot, 1981; Hättestrand and Stroeven, 2002). The limited erosive potential of 

successive ice sheets in this area of Gweedore, as evidenced by the presence of tors, 

needed to be further explored. However, a lack of field exposures of the sediments 

on Cronalaght Mountain made it an almost impossible task.  

 

Geophysical techniques in the form of electrical resistivity was employed in order to 

achieve a better understanding of the local sedimentological setting of the area. This 

inexpensive, non-intrusive, fast, environmentally friendly surveying method 
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provided information on the composition and distribution of the subsurface 

sediment, as well as the depth to bedrock, allowing the above hypotheses to be 

tested.  

 

Plate 6.8 The two top photographs shows the scarp-edge tors that fringe the upland plateau of 

Cronlaght Mountain. The bottom photograph displays the tors that rise above the break of slope 

between the plateau surface and the valley side that are isolated by free-faces on all sides. 
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Electrical resistivity methods detect variations in the electrical properties of a body, 

which can be linked to its physical properties. Chapter 2 outlined the method related 

to electrical resistivity data collection, processing and presentation of the 2D models 

shown below. The geophysical survey on Cronalaght consisted of six traverses as 

shown in Figure 6.13. These sample sites were chosen based on access and 

proximity to the bedrock tors on Cronalaght Mountain. DonL1 and DonL2 are 

located parallel to each other at an elevation of 390 m and 350 m a.s.l. respectively. 

DonL3 is located at an elevation of 341 m a.s.l while DonL4 runs down slope from 

an elevation of 299 m a.s.l. to an elevation of 258 m a.s.l. DonL6 is located at an 

elevation of 311 m a.s.l while DonL5 intersects DonL6 at an elevation of 289 m a.s.l. 

The resistivity profiles reached depths of 43 m and are marked by a series of 

anomalies, which reflect the heterogeneity of the subsurface. The anomalies are 

represented by changes in colouration across the models, which reflect the 

interpolating process of the Res2DINV programme. The resistivity profile's main 

parameters from the survey are outlined in Table 6.2. 

 

 

 

Table 6.2 Parameters in resistivity profiles for Cronalaght. 

 

 

Traverse Spacin

g 

(m) 

Length 

(m) 

Depth 

(m) 

X1Y1 (start) X2Y2(end) Altitude (start) 

(m) 

Altitude (end) 

(m) 

DonL1 10 250 43 424341,186611 

 

424131,186510 

 

390.41 336.57 

DonL2 10 250 43 424278, 186350 

 

424459,186503 

 

350.1 396.11 

DonL3 10 250 43 424249, 186271 

 

424132,186069 341.75 298.33 

DonL4 10 250 43 424133,186071 

 

424043,185852 

 

299.64 258.85 

DonL5 10 250 43 423919, 186241 

 

424076,186060 

 

289.56 291.15 

DonL6 10 250 43 424091,186211 

 

423889,186090 

 

311.07 265.49 
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Figure 6.14 Ordnance Survey Ireland, Discovery Series, Sheet No.1, with the location of the 

resistivity survey area depicted on it. GIS 20m DTM image and 3D view of the south eastern slope of 

Cronalaght with resistivity traverses clearly shown. Note the white lines in the image are construction 

sites for a wind farm that has been developed on Cronalaght Mountain in Gweedore. 
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6.4.1. 2D Resistivity Survey 

 

Results 

Resistivity values ranging between 63-56446 Ωm were recorded at DonL1 between 

an altitude of 390 m a.s.l. and 336 m a.s.l. Two anomalously high resistivity areas, 

marked A and B, are located at the top and base of the profile (Figure 6.15). The 

smaller anomaly, B, occurs at a distance between 35-80 m along the profile and 

reaches depths of 20 m from the surface. Resistivity values recorded for this anomaly 

were ~8000 Ωm. A larger anomaly, A, was recorded between 145-230 m along the 

profile and extents to depths of 22 m with results varying between 8000 and 56000 

Ωm. The geometry of the anomalies is oblong in shape. A zone of lower resistivity 

values, C, is evident at the base of the profile. This extends for 24 m between 110-

142 m with resistivity values decreasing from 439 to 63 Ωm. 

 

 

 

Resistivity values recorded at DonL2 were surveyed upslope and parallel to DonL1, 

i.e. the first resistivity value was recorded at an altitude of 350 m a.s.l. with the last 

value recorded at 396 m a.s.l. Resistivity values range between 145 and 4378 Ωm as 

shown in Figure 6.16. Two anomalies of high resistivity, A and B, occur close to the 

surface. The first anomaly, A, occurs between 15 m and 105 m along the profile, 

extends to depths of 25 m, is oblong in shape and has varying resistivity values 

Figure 6.15 Resistivity model with topography for traverse DonL1. 
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Figure 6.16 Resistivity model with topography for traverse DonL2. 

 

across its length. The highest resistivity reading of 4300 Ωm was recorded at 15 m, 

which then decreased to 2600 Ωm at 45 m and increased again to 4300 Ωm at 60 m 

where the anomaly finally tapered out at 105 m with a resistivity value recorded at 

1600 Ωm. The second anomaly of high resistivity, B, is recorded between 145-220 m 

along the profile. It extends to depths of 20 m and is oblong in shape. Results vary 

between 1650 and 4300 Ωm with the highest resistivity value for this anomaly 

recorded at 180 m. The intermediate zone between anomalies A and B is an area of 

lower resistivity values, C, as shown. This zone of lower resistivity extends laterally 

for 24 m between 95-120 m along the profile and vertically for 21 m beginning at 7 

m below the surface and extending for a depth of 30 m. The lower resistivity values 

recorded range between 380 Ωm and 145 Ωm. 

 

DonL3 runs down slope between 341 m and 298 m a.s.l. and presents one long 

oblong shaped anomaly of high resistivity values, marked as A in Figure 6.17. The 

anomaly stretches vertically from the surface to a depth of 52 m and laterally from 

20 m to 170 m along the profile, as shown. Resistivity values recorded for this 

anomaly are between 4100 Ωm and 8800 Ωm with the highest resistivity value of 

8886 Ωm recorded at 60 m and 150 m along the profile. From 170 m to 220 m, 

resistivity values decrease to between 1900 and 2700 Ωm. The lowest resistivity 

values are located at the base of the profile, but owing to edge effects the reliability 

of this recorded value is uncertain. 
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Figure 6.17 Resistivity model with topography for traverse DonL3. 

 

The resistivity model for Line DonL4 is illustrated in Figure 6.18. DonL4 is a 

continuation down slope from DonL3. High resistivity values of between 1200 Ωm 

and 3300 Ωm extend along the top 25 m of the profile and also inter-finger the lower 

resistivity zones which are evident at the base of the profile. The highest resistivity 

value recorded of 3376 Ωm is located both at the surface at 160 m along the profile 

and also at a depth of 12 m at 25 m along the profile. Three low anomalous zones are 

located between 35-65 m, 80-150 m and 160-210 m and are marked A, B and C. The 

largest anomaly, B, extends for a depth of 38 m and records resistivity values 

between 270 Ωm and 740 Ωm. Anomaly C is similar in value to anomaly B with 

 

 

Figure 6.18 Resistivity model with topography for traverse DonL4. 
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resistivity recorded between 740-440 Ωm. The lowest resistivity value of 98.4 Ωm is 

found at anomaly A between 35 m and 60 m and occurs at a depth of 23 m. 

 

DonL5 traverses across slope on Cronalaght where resistivity values ranging 

between 100-8900 Ωm were recorded as shown in Figure 6.19. Two areas of high 

resistivity exist along the profile between 15 m and 40 m, marked A, and between 65 

m and 120 m, marked B. Anomaly A begins at 7 m below the surface, reaches a 

depth of 12 m and contains the highest resistivity value recorded for DonL5 at 8979 

Ωm. Anomaly B is larger in extent than anomaly A reaching depths of 30 m but 

recorded resistivity values are lower at 2500 to 4700 Ωm. A small zone of lower 

resistivity values, C, occupies the intermediate area between A and B and is in sharp 

contact with anomaly A. This extends for a depth of 15 m between 40-60 m along 

the profile with resistivity values decreasing from 360 to 100 Ωm. The low 

resistivity value for DonL5 is located at 50 m along the profile. 

 

 

Figure 6.19 Resistivity model with topography for traverse DonL5. 

 

Traverse DonL6 intersects DonL5. Resistivity values recorded for DonL6 were 

surveyed between 311 m and 265 m a.s.l. Resistivity values range between 38 and 

2625 Ωm as shown in Figure 6.20. Maximum resistivity values occur within the top 

25 m of the profile (>1400 Ωm). One anomaly of low resistivity, A, is overlain by an 

anomaly of high resistivity, B. The high anomalous area is oblong shaped, shows an 

average thickness of 15 m at 100-150 m and contains the highest recorded resistivity 

values for DonL6 at 2625 Ωm. The low anomalous area curves towards the base of 

the profile. Anomaly B occurs between 90 m and 150 m along the profile. The entire 
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Figure 6.20 Resistivity model with topography for traverse DonL6. 

 

low resistivity zone extends between 90 m and 170 m along the profile at a depth of 

25 m. Resistivity values range from 430 Ωm to 38 Ωm where the lowest resistivity 

value 38.9 Ωm is recorded at 160 m. 

 

Analysis 

The highest resistivity values for all six traverses were recorded at DonL1 with a 

value of 56446 Ωm recorded at 185 m along the profile. The lowest resistivity values 

were recorded at DonL6 with a value of 38.9 Ωm recorded at 155 m along the 

profile. Both DonL1 and DonL6 were located at the highest and lowest elevations of 

the survey area, at 336.6 m and 265.5 m a.s.l., respectively. 

 

DonL1 and DonL2 are situated parallel to each other and display a similar anomaly 

distribution despite a distance of 181 m separating the profiles. The high resistivity 

areas located on DonL1 are between 35-80 m and between 145-230 m and are 

directly comparable to those along DonL2 where high anomalous areas are recorded 

at 15-105 m and at 145-220 m along the profile. Resistivity values for these high 

anomalous areas decrease from DonL1 (>8000 Ωm) to DonL2 (>4300 Ωm). The 

zone of low resistivity is located between 110-142 m on DonL1 and corresponds 

both in value (~100 Ωm) and location to DonL2 where it is located between 95-120 

m. 
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Surveys DonL2, DonL3 and DonL4 are all positioned in a line that travels down 

slope from 396.1 m to 258.8 m a.s.l. The distance between DonL2 and DonL3 is 

82.5 m while no interval separates DonL3 and DonL4. DonL2 and DonL4 yielded 

similar results where the maximum resistivity values recorded were between 3376-

4378 Ωm. Minimum values across DonL2 and DonL4 were also broadly comparable 

with values between 98 and 145 Ωm recorded. The resistivity values for DonL3 were 

higher than those of the previous profiles with maximum values in excess of 8800 

Ωm, as compared to 3376 Ωm and 4378 Ωm for DonL2 and DonL4, respectively. 

Low resistivity values for DonL3 were ~600 Ωm, almost six times greater than the 

lowest resistivity values recorded at DonL2 and DonL4. 

 

DonL4 and DonL6 are parallel traverses, separated by a distance of 200 m and 

showing similar patterns. Comparable high resistivity values exist for DonL4 and 

DonL6 of 3376 Ωm and 2625 Ωm respectively, with the high resistivity values being 

concentrated at the top of the sections. Low resistivity values are also comparable. A 

low resistivity area situated on DonL4 extends for a depth of 38 m between 85-150 

m where resistivity is recorded between 270-742 Ωm. This is directly comparable to 

the low resistivity zone along DonL6 where the low anomalous area is recorded at 90 

m and 150 m along the profile and extends for a depth of 25 m with values between 

237-788 Ωm. 

 

DonL5 was laid perpendicular to DonL4 with a distance between the two survey 

lines of 57 m. If DonL5 were continued the line would intersect DonL4 at 46 m 

along its length. High resistivity values exist for the zone between 0-40 m of DonL5 

and 20-40 m of DonL4 and are therefore broadly comparable. For DonL5 resistivity 

values increase from >1300 Ωm at the surface to >8500 Ωm at a depth of 10 m. For 

the corresponding zone on DonL4, resistivity values increase from >2000 Ωm at the 

surface to >3300 Ωm at a depth of 15 m. DonL5 and DonL6 intersect at 118 m. 

Resistivity values are comparable at this location on both survey lines. For DonL5 

resistivity ranges from 1317 Ωm at the surface to 2498 Ωm at a depth of 10 m, while 

for DonL6 resistivity ranges from 788 Ωm at the surface to 2625 Ωm at a depth of 10 

m. 
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6.4.2. Interpretation of Results from 2D Resistivity Survey 

 

The low-resolution profiles produced from resistivity surveying (DonL1, DonL2, 

DonL3, DonL4, DonL5, and DonL6) on Cronalaght provide information on the 

broad patterns of the subsurface in this area where median depth of investigation, 

with an ‘a’ spacing of 10 m, is 5 m. 

 

At DonL1 the shallow green area at the top of the resistivity model corresponds to 

low resistivity values for this profile. However, in general terms such resistivity 

values of between 1000-3000 Ωm are high and reflect contact with the underlying 

bedrock (Breen, 2003; Gibson and George, 2004; Caloca Casado, 2006). A yellow 

coloured region punctuates the shallow green layer at 80 m. This region represents 

the first of two high resistivity areas for this profile and extends for depths of 25-30 

m. At a similar depth some 80 m further down slope, another high resistivity area is 

recorded by an orange-red colour on the model. The size, shape and extent of the two 

high anomalous areas are comparable and therefore represents contact with the 

underlying bedrock. The high resistivity values displayed indicates the presence of 

impermeable quartzite bedrock. Separating the two high resistivity areas is a zone of 

very low resistivity shown in blue on the inverse resistivity model. This zone extends 

for a depth of 24 m and represents contact with good conducting material. For 

quartzite bedrock, it is expected that the intergranular pore spaces are negligible and 

almost all water flow will take place through cracks and fractures in the rock. 

Therefore the low resistivity values seen in the profile reflect a fractured zone which 

is water-filled or infilled by fine-grained, water-saturated, highly permeable 

sediment. 

 

A similar pattern exists at DonL2 where a low resistivity zone separates two high 

resistivity areas shown by an orange-red colour on the model. Again the size, shape 

and extent of the two high anomalous areas are comparable, possibly indicating 

contact with the underlying bedrock. They are both oblong-shaped, 20 m in 

thickness, extend laterally along the profile for 80-90 m and are located just below 

the surface. The zone of low resistivity is shown in blue on the inverse resistivity 

model. This zone is located 10 m below the surface, extends for a depth of 21 m and 
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represents a highly fractured zone in the quartzite bedrock. DonL2 is parallel to 

DonL1 but is located 181 m to the west of it. The resistivity for the high anomalous 

areas decreases from DonL1 (>8000 Ωm) to DonL2 (>4300 Ωm) which indicates 

that the quartzite bedrock becomes more intensely fractured from east to west across 

Cronalaght. Owing to the fact that DonL1 and DonL2 are situated parallel to each 

other and display a similar anomaly distribution, it is possible to propose that the 

fracture zone extends between both resistivity lines across a distance of 181 m. 

 

DonL3 exhibits a band of high resistivity values from the surface to a depth of 52 m. 

Such resistivity values are comparable to those found at DonL1 and DonL2 and 

indicates contact with the quartzite bedrock. The majority of the high anomalous 

area for DonL3 falls into the orange, red and purple colour category on the model 

with values ranging between 6000 and 8000 Ωm. This indicates that the quartzite 

bedrock is impermeable in this area. The resistivity values at the surface of the 

profile drops significantly down slope with values of ~6000 Ωm recorded at 20 m to 

measurements of ~1900 Ωm recorded at 220 m along the profile. This change in 

resistivity values marks a change in the nature of the geophysical properties of the 

subsurface and may indicate a transition from impermeable to more permeable, 

hence fractured, quartzite bedrock. 

 

DonL3 and DonL4 run down the southern slope of Cronalaght for 500 m between 

341 m and 258 m a.s.l. In general, the resistivity values for DonL4 are much lower 

than those recorded at DonL3. At the top of DonL4 a band of higher resistivity is 

illustrated by orange-red colour on the model. The thickness of the band is 25 m and 

it displays resistivity values of between 1200 Ωm and 3300 Ωm. This indicates 

contact with the underlying bedrock along this profile. Resistivity decreases with 

depth through the profile. A low anomalous zone indicated by blue tones on the 

inverse resistivity model is evident at a depth of 23 m from the surface with a 

resistivity value recorded of 98.4 Ωm. This zone indicates intensely fractured 

bedrock where water can penetrate easily through it. 

 

Relatively low resistivity values, shown in a green colour on the model, occur at the 

surface of DonL5 down to a depth of 5 m. These low values may reflect a high 

permeability layer that is poorly drained. A high resistivity value of 8979 Ωm is 
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displayed by orange-red colours on the inverse resistivity model. This high 

anomalous area occurs at a depth of 12 m below the surface and may represent 

contact with impermeable quartzite bedrock. The blue zone situated at a depth of 15 

m between 40-60 m along the profile records low resistivity levels of ~100 Ωm and 

represents the occurrence of a highly fractured zone in the quartzite bedrock. 

 

DonL6 is the most striking of all traverses owing to the predominance of the red-

purple colour on the inverse resistivity model. However, the resistivity values 

recorded range only between 38 and 2625 Ωm. A purple-red area on the model 

records resistivity values of ~2600 Ωm which is underlain by a blue-green zone 

displaying values between 100-38 Ωm. It is evident that the resistivity values 

decrease with depth, suggesting that the bedrock may become more intensely 

fractured and more permeable with depth at this location. 

 

 

6.4.3. Implications of Geophysical Investigation 

 

The 2D resistivity survey has shown that the geophysical characteristics of the 

subsurface vary with depth across the southeastern slope of Cronalaght Mountain. 

Resistivity values ranging between 1300 Ωm and 2000 Ωm occur within the top ~5 

m of the subsurface. This indicates that contact was made with the underlying 

bedrock across all six survey sites at a distance less than or equal to 5 m below the 

surface. Below a depth of 5 m, the resistivity values recorded suggest that the nature 

of the quartzite bedrock in this area is homogeneous, compact and impermeable to 

water. However, zones of lower resistivity values occur and indicate the presence of 

fracturing in the underlying bedrock that is not homogeneously distributed in the 

rock mass. 

 

Focusing on the top 5 m of the subsurface, the general consistency in the resistivity 

profiles across all sites shows that the soft sediment occurs ubiquitously as a thin 

veneer with maximum thicknesses between 2-5 m. The higher values in the 

resistivity profiles in the top 5 m may correspond with sand and gravel units, or 

diamicton containing significant thickness of interbedded sand and gravel. Moderate 



Chapter 6  Sedimentology of Gweedore 

185 

resistivities on the resistivity imaging profile may correspond with diamicton, while 

lower resistivities may correspond to more conductive material such as silt or 

organic peaty deposits. This geophysical data were confirmed by a report by 

Warnock Consulting Engineers who carried out ground works for the development 

of a wind farm on Cronalaght. The report stated that the sediment encountered in 

each of the trial pits for the wind turbines consisted of a 0.4-2.0 m lowermost unit of 

dense, brown to grey, well graded, gravely sand with cobbles and occasional 

boulders overlain by 0.1-0.4 m of orange to brown, dense, well graded, gravely sand 

containing cobbles. Clasts were angular and are lithologically consistent. The 

apparent lack of quartz and mica crystals in the sand suggests that the deposit on 

Cronalaght is not the product of prolonged mechanical weathering of the local 

quartzite bedrock. Instead, the sediment is more likely to be glacial in origin. The 

summit of Cronalaght Mountain is dotted with unweathered granitic cobbles and 

boulders that are at least locally erratic. These erratics have been emplaced by the ice 

sheet in this area, because the source material available for transportation by upland 

ice is weathered blockfield material, rather than the subrounded, relatively fresh 

erratics that are observed.  

 

The Cronlaght tors question the effectiveness of that ice sheet in this area. The ice is 

inferred as being relatively thin with limited erosive potential allowing for the 

survival and preservation of the tors. This complements the already existing body of 

research on the preservation of ancient landscapes beneath ice sheets (Dyke, 1993; 

Kleman, 1994; Kleman and Stroeven, 1997; Kleman et al., 1999; Dredge, 2000; 

Fabel et al., 2002; Hättestrand et al., 2002; Stroeven et al., 2002). The geophysical 

survey has supported this conclusion and has shown that only a thin veneer (up to 5 

m) of glacial till covers the mountainous slopes. This basal till has short transport 

distances and generally contains clasts that are angular and locally derived. The 

geophysical survey has shown that the subsurface also contains little silt, all of which 

are characteristics of cold-based tills (Willenbring Staiger et al., 2006). 

 

This research has shown that electrical resistivity is a relatively cheap and efficient 

way of gathering subsurface images where no field exposures exist. The equipment 

is not too bulky to use, particularly in mountainous terrain, while the survey itself is 

non invasive. It has proven to be particularly good at defining the thickness of 
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subsurface material and the depth to bedrock, distinguishing lateral variations and 

the continuity of geological fracture sets. However, the technique has some 

limitations, particularly in its inability to detect sufficient sedimentological detail. 

This type of detail becomes lost in the bulk measurement and averaging of resistivity 

over an area. Model profiles also have an inability to image sharp sedimentary 

contacts. Since the profile is contoured, resistivity boundaries must be interpreted 

based on standard ranges of sediment resistivity (Smith and Sjogren, 2006). This can 

lead to misinterpretation about the composition of the subsurface material. What is 

clear from this research is the electrical resistivity cannot be used as a stand-alone 

survey tool for sedimentological investigative purposes. 

 

 

6.5. Summary 

 

The Gweedore Area is characterised predominantly by subglacial assemblages that 

resemble a spatially and temporally variable mosaic of processes that once operated 

at this location. 

 

A high-level bench occurring at 140 m a.s.l. skirts the southern slopes of Cronalaght 

Mountain into which Gweedore Pits I, II and III have been excavated. Bedrock 

occurs at shallow depths and the sediment supply was low. The process of plucking 

was aggressive with basal ice penetrating deep into the weathered and fractured 

bedrock of the area, dislocating and entraining slabs of the bedrock surface into the 

basal ice layers, and transporting them over relatively short distances. The 

cannibalization of the bedrock into a breccia is widespread throughout Gweedore. A 

switch in subglacial ice-flow mechanisms occurred where sliding and dragging at the 

ice-bed interface dominated and produced a stony glaciotectonite that overlies the 

brecciated bedrock surface. The thinness of this till represents a minimum transport 

distance and proximity to the source area. Overconsolidated lodgement till with 

matrix-support and a fissile structure is the chief component of the bench, showing 

that subglacial shearing was the main process of forward ice motion across the area. 
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The deposition of melt-out till infers ice sheet inactivity and stagnation where the 

material that was once sheared into the base of the ice during ice advance was then 

emplaced by subglacial melt-out till. This is shown through Gweedore Pit IV. The 

steep topography of the area perhaps acted as pinning points for the ice margin to 

stabilize, accommodating the generation of such a till. 

 

The Gweedore Area also contains glaciolacutrine assemblages evidenced in Lough 

Nacung Pit. The sedimentary facies arrangement comprises lacustrine bottomset 

beds, deltaic foresets in association with avalanche-front sedimentation and poorly 

sorted gravels that constitute topset deposits. These sediments were deposited as 

prograding glaciolacustrine deltaic and fan type deposits, with coalescing nodes that 

developed both above and below a glacial lake surface to form a chain of irregular 

hillocks, which are visible on the southern flank of the Gweedore Valley. Sediment 

input occurred towards the west and northwest with an ice mass situated to the east 

by a combination of processes, but principally by debris released at the ice margin. 
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7. Chapter 7. SEDIMENTOLOGICAL 

INVESTIGATION OF THE LOUGH 

NEILL VALLEY 

 

7.1. Introduction 

 

The second area examined in detail was the Lough Neill Valley and surrounding 

landscape. This area is to the north of the Gweedore area as shown in Figure 7.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1 Map showing the location where detailed sedimentological 

investigations were undertaken, namely Gweedore area (as described in 

the previous chapter) and the Lough Neill Valley. 
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Tievealehid Mountain (429 m a.s.l.) and Cronalaght Mountain (406 m a.s.l.) form an 

arcuate shaped area of high relief with the U-shaped Lough Neill Valley occupying 

the intervening area between the mountains, orientated in an east-west direction 

(Figure 7.2). The valley is characterised by highly irregular terrain where the valley 

floor is occupied by a suite of ridges and mounds, and contains a small perched lake 

called Lough Neill. The Corveen River and its tributaries incise the valley where the 

river banks provide good exposures into the sedimentary make-up of the area. The 

exposures are hereafter referred to as Lough Neill Exposures 1-5. Access to the 

valley is difficult and can only be obtained by either descending down into it from 

Cronalaght Mountain or by following the Corveen River through Attantee into the 

valley. Two adjacent sand and gravel pits, cut into a prominent ridge at the entrance 

to the valley were examined. Both pits, owned by Riarty's, are currently disused and 

are hereafter referred to as Lough Neill Pit I and II. Access to these pits is via 

unsurfaced track ways at Strakeenagh townsland. Small but numerous pits were dug 

out at the foot of Tievealehid Mountain in the area between Lough Nagreenan and 

Lough Nalaghty for use as illegal landfills for domestic waste. Such dumps provided 

good exposures into the sediments of this area and all suitable sedimentary sections 

were examined and are hereafter referred to as Lough Neill Pit III. 

 

 

7.2. Site Description and Interpretation 

 

7.2.1. Lough Neill Pit I 

 

The Lough Neill Pit I is situated along the northwestern flank of Cronalaght 

Mountain at the entrance to the Lough Neill Valley at an elevation of 130 m a.s.l. 

This pit has been cut into a prominent ridge on the landscape and exposes a complete 

cross-section of the feature (Plate 7.1). The ridge is not an isolated feature but forms 

part of a system that occupies the lower slopes of Tievealehid Mountain and the 

Magheraroarty Highlands. The pit overlooks the low lying, gently undulating 

landscape that stretches out westwards to the coastline. A short distance to the south, 
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Figure 7.2 Map of the Lough Neill Valley and surrounding area, Co. Donegal showing the sites where sedimentological analysis was carried out. All sites are marked in red. 
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Gweedore Pit IV, as detailed in the previous chapter, is evident. Lough Neill Pit I is 

small but relatively deep (up to 10 m in places). The sediments within the pit are 

dominated by boulder, cobble and pebble gravels with several outsized boulders 

located within the sections and strewn across the pit floor. The pit has been 

operational for nine years but the sediments are only occasionally excavated as and 

when they are required. Many of the pit faces are slumped but three were chosen for 

sketching and logging owing to their thickness, clarity and their ability to represent 

the dominant sediment architecture of the surrounding area. 

 

 

7.2.1.1. Face 1 

 

Description 

The exposure at Lough Neill Pit I Face 1 is 38.2 m long, 7.2 m thick with the 

stratigraphy showing a general coarsening upwards pattern (Figure 7.3). Three facies 

associations have been identified in the stratigraphic section. The basal facies 

consists of a light grey, massive, overconsolidated, matrix-supported diamicton that 

is up to 2.4 m thick and has a silty-sandy texture which becomes increasingly sandy 

up-sequence. The diamicton contains a moderate distribution of predominantly  

Plate 7.1 Lough Neill Pit I (in the centre) and Pit II (to the right) excavated into the ridged landscape 

exiting the Lough Neill Valley in the background of the photograph. Cronalaght Mountain is to the 

right and Tievealehid Mountain is on the left of the photograph. 
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Figure 7.3 Cross-sectional sketch, section log and location map of Face 1, Lough Neill Pit I, NW Donegal. 
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subangular to subrounded clasts, many of which are striated. The principal 

lithologies are quartzite (44%), meta-dolerite (28%), porphyry (24%), quartz (2%) 

and granite (2%). The diamicton exhibits an interconnected network of subhorizontal 

and subvertical fissures. Fabric analysis shows a weak preferred orientation in a 

southwest direction. Discontinuous clast-dominated cobble lenses stretch into the 

diamicton and suggest that the diamicton occurs directly on top of the bedrock 

(Appendix D10). 

 

Overlying facies 1 is another matrix-supported diamicton, Facies 2, up to 1.6 m thick 

characterized by a light brown colour. The boundary between the two facies is 

indistinct, with a slight change in colour, decrease in fissility and an increase in clast 

content observed. The diamicton is clast rich where clasts have a subangular 

morphology and are held in a silty-sand matrix and consists exclusively of meta-

dolerite petrology (>70%). Horizontally bedded sand grades upwards into massive 

sand. A sharp erosive contact exists between this facies and the overlying facies 3. 

The contact between the diamicton and the overlying facies 3 exhibits both cut and 

fill structures and small diapirs that intrude upwards into the observed overlying 

facies. 

 

Facies 3 comprises up to 3.2 m of clast-supported cobble gravels. The basal 2.5 m 

contains polymodal, clast-supported, subangular to subrounded large cobble gravels 

held in a coarse sand matrix. They are arranged into tabular beds up to 0.4 m thick. 

Crude stratification is distinguishable by either the presence of lags of coarser clasts, 

or by the discontinuous horizons of openwork clasts. At the base of this unit, 

horizontally bedded coarse sand is interbedded with the gravel. The sand show no 

signs of vertical disturbance. The gravel has both abrupt lateral and vertical changes 

in particle size and geometry with clasts consisting of quartzite (68%), meta-dolerite 

(22%), porphyry (4%) and granite (6%). Fabrics comprises both parallel and 

transverse orientations. Such gravels grade upwards to 0.7 m of planar, normally-

graded, stratified pebble and cobble gravels with occasional small boulders 

supported in a medium sand matrix. Sand scours are observed beneath the larger 

individual boulders. 
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Interpretation  

Facies 1 at Lough Neill Pit I Face 1 is interpreted as a subglacial traction till with the 

possibility of it grading upwards to a basal lodgement till (Evans et al., 2006). 

Evidence for this includes: (i) stones that are commonly striated and have a far-

travelled component to their provenance; (ii) structures of both ductile (turbates) and 

brittle (fissility) deformation, typical of a high-stress polyphase till (Menzies et al., 

2006); (iii) very compact, clast-dominated lenses interpreted as rafts of bedrock that 

have been cannibalised into the diamicton (Meehan, 1999), and (iv) increase in 

compacted matrix up-sequence (Boulton and Paul, 1976). 

 

Facies 2 is interpreted as a melt-out till based on the fact it is not overconsolidated 

and contains an abundance of subangular clasts (Meehan, 1999). The lowermost 

section of the till is quite fissile. Melting occurred probably under relatively thin ice, 

recording a phase of ice stagnation and subsequent thawing of the ice encased debris 

onto the glacier bed (Paul and Eyles, 1990). The mixed provenances displayed by 

both tills may point to different source regions and ice flow paths. However, the 

interpretation of ice flow direction based purely on provenance is hard to justify, 

especially as the range of lithologies from different source regions can be reconciled 

by the incorporation and cannibalization of pre-existing sediment (Livingstone et al., 

2010). 

 

The irregularly spaced sand lenses that separate the two tills are interpreted to have 

formed in a low-energy subglacial or ice marginal environment, and represent either 

the decoupling of the basal ice with the development of a thin water film (Piotrowski 

et al., 2006), or the settling out of fines demonstrating evidence for the periodic, 

pervasive shut-down of the subglacial drainage system (Livingstone et al., 2010). 

The dewatering structures observed in the sand section demonstrates subsequent 

compaction of the pre-existing sediment as the overlying till was released into place 

(Piotrowski et al., 2006). The contact between the till and the overlying gravels 

exhibit mobilisation signatures as a result of ice loading (van de Meer and Menzies, 

2011) on the unconsolidated and water saturated melt-out sediment. 

 

The very coarse grained nature of the gravels indicates deposition from high energy 

flows (Delaney, 2001). The gravels stratigraphically overlie the diamictons and are 
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interpreted as glaciofluvial outwash based on the fact that the gravels are rounded, 

well bedded and sorted. The consistency of the gravels interbedded with sands 

towards the base of the gravel unit indicates uniform flow and sediment supply 

typical of outwash (Rust, 1977). A lack of an upward fining sequence suggests ice 

marginal to proximal deposition with the outwash sediments intermixed with flow 

deposits which have flowed off the ice. The variation in orientation of the clasts 

suggest deposition in an unconfined outwash type environment, where flow 

directions could fluctuate. 

 

 

7.2.1.2. Face 2 

 

Description 

Face 2 of Lough Neill Pit I is 21 m long, 5.1 m thick and consists of two principal 

facies that generally coarsen upwards from diamicton to gravel (Figure 7.4). The 

lower most facies is 2.9 m thick and consists of a light grey, massive, matrix 

supported diamicton. At the base of the exposure, small very angular to angular 

clasts have been crushed and sheared out across the base trending subparallel to the 

surface. These clasts appear to be only partially dislocated from their source bedrock 

location, as the geometry of their faces closely mirrors the juxtaposed bedrock 

surface observed below. Clast morphology changes with cobble sized angular clasts 

becoming more subangular to subrounded up-sequence. Clast lithologies includes 

quartzite (52%), porphyry (32%), meta-dolerite (12%) and quartz (4%). Many of the 

clasts are striated. The volume and texture of the matrix of the diamicton increases 

up-sequence from a silty-sandy texture at the base to a fine sand at the top. The 

deposit is overconsolidated with multiple shear zones present at variable depths, 

consisting of small scale unidirectional low angle fractures or tension cracks. 

Occasional lenses (0.25 m thick, 0.6 m in diameter) of well sorted fine sand occur as 

bowl-shaped features in the diamicton. The contact between this facies and the 

overlying facies is sharp and unconformable with small flame structures present 

along the contact. 
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Figure 7.4 Cross-sectional sketch, section log and location map of Face 2, Lough Neill Pit I, NW Donegal. 
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A clastic dyke is evident and is rooted in the diamicton. This near-vertical funnel-

shaped feature fans up from the base of the exposure, at a width of 3 m, and spreads 

out to 5.2 m along the contact with the overlying gravels (Appendix D11). The 

infilling of the dyke consists of clast-supported, poorly sorted diamicton with clasts 

being predominantly cobble in size, subangular in morphology and with lithologies 

similar to the surrounding diamicton. Clast density within the fan is significantly 

higher than within the surrounding diamicton, making the dyke stand out in the 

sedimentary sequence. Horizontal offshoots, composed of anastomosing laminae of 

poorly sorted sands parallel to the fracture wall are evident, stemming from both 

sides of the dyke. It appears that sand plumes develop out from these horizontal 

offshoots into the overlying gravel unit. The sand plumes are slender lenses of sand 

that widen out into near-vertical funnel-shaped dykes that vary in height from 0.3-1.2 

m and in width from 0.7-1 m (Appendix D12). At the top of the dyke, smaller 

ejected sand veins extend to the top of the exposure with variable orientations. The 

infilling of the plumes consists of homogeneous fine sand which show anastomosing 

laminae parallel to the fracture wall making the sand plumes stand out in an 

otherwise compact, clast-supported gravel unit. There is no evidence to suggest that 

as the plumes widen, the infilling becomes coarser-grained. 

 

The gravel facies is 2.3 m thick and consists of poorly sorted, clast-supported, 

amalgamated, subrounded to rounded, pebbly-cobble gravels containing <10% 

matrix, which consists of compact, medium to coarse homogeneous sand. A 

discontinuous small boulder lag is evident at the base of this unit. The gravel unit is 

disturbed by a large-scale compressive glaciotectonic structure. The overturned fold 

observed consists of compact cobble clasts that have their long-axes parallel to the 

well-defined conjugated kink-folding bands that developed in response to 

deformation of the gravel unit. Fold orientations indicate ice flow in a northwest 

direction. An ice wedge is also evident in the gravel unit. This wedge-shaped feature 

tapers downward into a v-shaped pseudomorph, ranging from 0.6-1.4 m at the top. 

The infilled material consists of sorted, angular to subangular cobble gravels and fine 

sand. The majority of clasts are inclined with their long axes parallel to the wedge 

wall while the sand is stratified and shows slumped and down-warped bedding 

structures. Such infilled material is less compact than the surrounding gravel unit, 

making this feature very noticeable in the sedimentary section. 
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Interpretation 

The sediment section located at Lough Neill Pit I Face 2 shows a coarsening upward 

sequence involving a change from diamicton deposited directly from ice to poorly 

stratified, waterlain bedded gravel deposits. Detailed sedimentological analysis has 

shown that the diamicton can be interpreted as a basal lodgement till. This is based 

on the following evidence: i) the grain size characteristics and clast forms within the 

till reflects the process of grain crushing and abrasion (Evans et al., 2006) and ii) the 

fissility in the till reflects the shearing process which persisted throughout its 

deposition (Meehan, 1999). The lodgement till shows intensive glacitectonic 

deformation demonstrated by the high degree of consolidation of the matrix, the 

presence of crushed and sheared clasts at the base of the till and by the presence of 

glacitectonic shear zones (Rijsdijk et al. 2010). 

 

Both the clastic dyke and associated sand plumes are interpreted as the result of 

forceful fluid escape (Rijsdijk et al., 1999). Their presence suggests that subglacial 

meltwater that normally discharged through the till was prevented from escaping by 

emplacement of the overlying overconsolidated gravel unit which acted as an 

aquiclude. Once the supply of meltwater exceeded capacity, pressures rose and water 

blisters formed as evidenced at the contact between the till and the gravels. When the 

water pressure exceeded the tensile strength of the till and a minimum component of 

the total normal stress, it caused tensile fracturing of the till layer (hydrofracturing), 

allowing the water to burst through (Boulton and Caban, 1995). The discharge of 

water through the fracture generated seepage pressures sufficient to fluidize sediment 

at the base of the fracture, transporting them through the hydrofracture and injecting 

them into the overlying gravels (as in the case for the sand plumes) (Rijsdijk et al., 

1999). As the sediment was ejected and burst-out from below, dewatering formed 

along the planes of weakness and the water pressure was released. Water flow must 

have rapidly discharged through the hydrofracture allowing the ejected sediment to 

remain in a near-vertical alignment within the dyke. The finer-grained dykes resulted 

from a change in the hydraulic pressure gradient across the fissure. Boulton and 

Caban (1995) suggested that upward infilled hydrofractures can develop 

proglacially, where glacially driven groundwater wells upward. However, as the 

burst-out structures here begin and grow in a basal lodgement till that was strongly 

glaciotectonically modified, it therefore may be possible that they formed in an ice 
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marginal environment representing a localised oscillation in the position of an 

essentially retreating ice margin. The preservation of this hydrofractured zone 

implies that this site was never over-riden by ice once it was deposited. 

 

The gravels are interpreted as glaciofluvial outwash deposited quite close to the ice 

margin by meltwater. The gravels have been dissected by numerous periglacial 

features. The presence of an ice wedge relates to pressure-derived deformation, and 

secondary infillings may be a result of repeated winter contraction and summer 

expansion occurring at or near the top of permafrost (Gao, 2005). Large clasts in the 

cast were probably not emplaced during formation of the ice wedge but during decay 

when the finer sediments were deposited, resulting in the apparent grading within the 

feature. 

 

In summary, this sedimentary sequence is interpreted to reflect subglacial lodgement 

till and glaciofluvial deposition followed by proglacial compressive deformation 

resulting in the outwash sediments being glaciotectonically folded and subjected to 

permafrost conditions. 

 

 

7.2.1.3. Face 3 

 

Description 

The Lough Neill Pit I Face 3 is 6.7 m long, 4 m thick and is stratigraphically similar 

to Face 2. This exposure comprises two facies (Figure 7.5). The basal facies is 2.8 m 

thick and consists of a light grey, massive, overconsolidated diamicton which is 

matrix-dominated with silty matrix that also contains fine sand. Clasts become more 

numerous towards the upper boundary, and are predominantly subangular with b-

axes all less than 0.3 m. The diamicton is fissile and exhibits multiple shear zones at 

variable depths, consisting of small scale unidirectional low angle fractures or 

tension cracks. Clast fabrics were not recorded from this diamicton. A sharp and 

loaded contact exists between this exposure and the overlying facies. Facies 2 is a 

gravel unit, 1.2 m thick, consisting of pebble to cobble gravels in a matrix of fine to 

medium sand that grades upwards into cobble gravels supported in a matrix of 
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Figure 7.5 Cross-sectional sketch, section log and location map of Face 3, Lough Neill Pit I, NW Donegal. 
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pebble gravels. Clasts are subrounded and are dominated by quartzite petrographies 

(82%). The cobble gravels are massive, unsorted and are often openwork. Stretching 

throughout the entire gravel facies are two clastic dykes that appear to be rooted in 

the contact between the facies (Appendix D13). One of the clastic dykes is a very 

wide funnel-shaped feature that fans outwards into two offshoots aligned in opposite 

directions. The first offshoot starts at a width of 1 m and spreads to 1.4 m. This 

offshoot consists of poorly sorted fine sands, which show laminae parallel to the 

fracture wall. Where the dyke widens, the infilling becomes coarser-grained to 

include fine gravels with their long axes also aligned to the fracture wall. The second 

offshoot comprises poorly sorted pebble gravels with the occasional small cobble 

sized clasts that are subangular to subrounded in shape. Lithologies are similar to 

those of the surrounding gravels. Generally, the long axes and a-b planes of clasts are 

aligned parallel to the dyke walls. A small, more immature dyke is also evident with 

dimensions of 0.3 m at the base stretching to 0.6 m at its widest point. This dyke is 

infilled with a combination of fine sand and small pebble clasts, with clasts again 

aligned to the dyke wall. 

 

Interpretation 

The massive, overconsolidated, matrix dominated diamicton of Lough Neill Pit I 

Face 3 is interpreted as a basal lodgement till. The fissility in the till reflects the 

shearing process which persisted throughout its deposition. The subrounded, 

imbricated, clast rich gravel unit support by a sandy matrix is interpreted to have 

been deposited as proglacial outwash. The clastic dykes are the result of forceful 

upward-dewatering through hydrofractures. High porewater pressures within a 

confined till aquifer resulted in tensile fracturing of the overlying gravel unit, with 

the result that water flowing through the fracture fluidised the sand and clasts and 

ejected them into the overlying gravels (Rijsdijk et al., 1999). As the clastic dykes 

grew from the contact with the basal lodgement till that was strongly 

glaciotectonically modified, they are interpreted as representing an ice marginal 

environment experiencing localised oscillations in the position of an essentially 

retreating ice margin. 
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Depositional Environment 

The overall facies sequences exposed at Lough Neill Pit I represent a sediment 

continua of subglacial till types (traction - lodgement - melt-out) incised by 

glaciofluvial deposition. Lodgement till dominates in the area. It was water saturated 

and the emplacement of the overlying glaciofluvial outwash caused hydrofractures to 

develop. The deposition of the outwash was followed by proglacial compressive 

deformation resulting in the outwash sediments being glaciotectonically folded and 

subjected to permafrost conditions. 

 

 

7.2.2. Lough Neill Pit II 

 

The Lough Neill Pit II is an extension of Lough Neill Pit I, having been opened to 

meet the local demand for sand and gravel (Plate 7.1). It is situated along the north 

western flank of Cronalaght Mountain at the entrance to the Lough Neill Valley at an 

elevation of 130 m a.s.l. The sediments within the pit are dominated by boulder, 

cobble and pebble gravels with several outsized boulders strewn across the pit floor. 

Two faces were analysed in detail. 

 

 

7.2.2.1. Face 1 

 

Description 

The exposure at Lough Neill Pit II Face 1 is 18.8 m long and 5.3 m thick. Two facies 

are evident (Figure 7.6). At the base of the exposure, deeply weathered bedrock is 

visible for a depth of 0.8 m. The weather bedrock is a soft, rich brown, uniformly 

textured, silty-clay regolith which grades downwards into orange-pink granular 

gruss. Mottling of a pinkish-red colouration is evident within the soft weathered 

bedrock. Bedding is indistinct, however dark green to dark red-brown fractures 

(iron-stained) are common. Sparse, rounded, small, black pebble sized corestones 

occur in the material. The degree of weathering has made this material is 

unidentifiable. Overlying the soft weathered bedrock is a 3.1 m thick facies, 
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Figure 7.6 Cross-sectional sketch, section log and location map of Face 1, Lough Neill Pit II, NW Donegal. 
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characterised by interbedded light grey, poorly sorted, imbricated, cross-bedded 

cobble gravels supported in a medium sand matrix and planar tabular cross-bedded, 

sorted, openwork pebble gravels. Individual beds are >0.3 m thick, and are laterally 

continuous with a sharp contact between the beds. Occasional discontinuous, 

subhorizontal, coarse sand beds are also evident. Clasts are subangular to 

subrounded and are of predominantly quartzite (54%) meta-dolerite (30%), granite 

(12%) and quartz (4%) lithologies. Striations are common with some larger clasts 

showing brittle fracturing. Palaeocurrent data suggest a complex palaeoflow with an 

overall very weak preferred orientation towards the northwest. 

 

The gravels are capped by a thin (1.4 m thick) unit of grey diamicton with a sandy 

silty matrix. The diamicton is massive, ungraded, dense, compact and ranges from 

blocky to fissile. The lower contact of the diamicton is sharp. Clast rich zones are 

evident, where small subrounded pebbles, one to two clasts thick, occur within the 

diamicton and impart a subtle crude stratification. Clast shape and composition is 

identical to that found in the underlying gravels and the clasts possess an unordered 

fabric. 

 

Interpretation 

The soft and deeply weathered nature of the underlying bedrock at Face 1 in Lough 

Neill Pit II suggests it is a very old residual deposit. It contrasts to the bedrock in the 

surrounding area which has not been covered by sediment and is relatively 

unweathered and hard in surface outcrops. This implies that a considerable period of 

weathering and regolith development must have taken place since the bedrock 

surface was protected from erosion by the intact mantle of glacial sediments 

(Sharples, 2002). Whilst the depth of bedrock weathering at this exposure gives an 

impression of considerable antiquity, it is not possible to suggest an absolute age for 

that antiquity on presently available information. 

 

Mantling the rotted bedrock surface are poorly sorted, imbricated gravels indicative 

of longitudinal bars of meltwater channels on outwash fans (Appendix D15). They 

were produced by unconfined avalanche flows that aggraded and migrated across the 

face of a fan lobe on the longitudinal bar in a braided gravelly river, typical of a 

subaerial proximal proglacial outwash deposit (Gustavson, 1974). The pebbly tabular 
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cross-beds suggest deposition along cutbanks of the bar or in channels between the 

bars (Paterson and Cheel, 1997). The horizontally bedded coarse sand reflect 

deposition from overbank flows (Costello and Walker, 1972). The change in 

composition and texture through this facies may reflect variation in the magnitude of 

meltwater discharge in the waning of the glacier and glacial outwash system, with 

the sand representing flows of lower competence (Banerjee and McDonald, 1975). 

 

The massive to crudely stratified diamicton facies most closely resembles a debris 

flow deposit (Coussot and Meunier, 1996). The absence of grading indicates the 

relatively short transport distances from a proximal sediment source, and the 

association of the diamicton facies with outwash gravels suggests a subaerial rather 

than a subaqueous depositional setting (Eyles et al., 1988). The variability in the 

debris flow deposit is a function of the stage at which the flow freezes and the clasts 

are arrested while its compact nature resulted from post-depositional consolidation 

(Eyles et al., 1988). The clasts are size restrictive, generally subrounded, show a lack 

of striations and appear to be derived from the outwash gravels. The sedimentary 

sequence at Lough Neill Pit II Face I would suggest deposition by a braided 

meltwater channel preceded by the downslope flow of debris. The preservation of 

the sediments imply they were deposited late in the glacial episode when the glacier 

had retreated significantly back from its maximum extent, and when the outwash 

plain had accumulated to nearly its maximum thickness (Meehan, 1999). 

 

 

7.2.2.2. Face 2 

 

Description 

Face 2 at Lough Neill Pit II is 28 m long, 4.7 m thick comprising five facies (Figure 

7.7). The basal facies is 1.6 m of light grey, massive, overconsolidated diamicton. 

Frequent clustering of predominantly porphyry, angular to subangular, pebble and 

small cobble sized clasts supported in a granular sand are observed at the base of this 

facies that grade upwards to larger, subangular to subrounded, commonly striated, 

cobble sized clasts displaying a mixture of lithologies, held in a coarse sand matrix. 

The volume of matrix increases substantially up sequence with anastomosing 
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laminae of poorly sorted coarse sand evident at the top of this facies. The clustering 

of porphyry clasts suggest that the bedrock is present below this diamicton. Outsized 

clasts are scattered along the facies upper boundary and mark the contact point 

between this facies and the overlying one. 

 

Facies 2 is a light brown, normally consolidated, matrix-supported, massive 

diamicton up to 0.7 m thick. The diamicton is clast rich with subangular clasts 

lacking any striations, and the clasts appear to be plastered into the matrix with 

draping of the silty-sand matrix over the clasts. The clasts are exclusively of meta-

dolerite petrology (>70%). The boundary between this facies and the overlying one 

is indistinct. 

 

Facies 3 is 0.5 m thick and consists of a light brown massive, matrix supported 

diamicton. Clasts are subangular to subrounded pebble sized with clast lithologies 

includes quartzite (48%), meta-dolerite (34%), porphyry (12%), and quartz (6%). 

The deposit is over-consolidated with multiple shear fractures present. 

 

Two facies overlie facies 3. At the southern end of the exposure, an erosional and 

undulatory contact separates facies 3 from overlying gravels. At the northern end of 

the exposure, two small sand pods occupy the contact while a large, asymmetrical 

channel feature (2.8 m wide and 0.8 m deep), infilled with a combination of planar 

cross-bedded and horizontally bedded medium sands, also occurs (Appendix D16). 

Post-depositional structures recorded include small-scale, high-angle normal faults. 

At the southern end of the exposure, there is a 1.5 m thick bed of gravels which is 

separated from the underlying diamicton via a sharp and unconformable contact. The 

gravels comprise planar tabular cross-bedded, sorted, openwork pebble gravels that 

grade northwards into poorly sorted, imbricated, trough cross-bedded cobble gravels 

supported in a medium sand matrix. Occasional discontinuous, subhorizontal coarse 

sand beds are also evident. Clasts are subangular to subrounded and consist of 

quartzite (54%) meta-dolerite (28%) and granite (18%). The clast fabric is random. 

 

Facies 5 consisting of bimodal, planar cross-stratified, poorly sorted, matrix-

supported pebble gravels where the matrix consists of coarse sand and granules.  
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Figure 7.7 Cross-section, section log and location map, Face 2, Lough Neill Pit II, NW Donegal. 
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Some larger clasts (>0.5 m) are evident. This facies has a non-erosional base and is 

0.4 m in thickness. 

 

Interpretation 

The diamicton present at the base of this exposure at Lough Neill Pit II Face II is 

composed of small angular clasts of broken bedrock with the matrix consisting of 

pulverised bedrock suggesting it is a subglacial traction till or glaciotectonite. The 

cannibalization of the underlying bedrock and incorporation into the diamicton can 

be attributed to subglacial friction, point pressure and abrasion in a debris-rich, 

dynamic zone at the glacier's shearing base (Meehan et al., 1997). Higher up in this 

diamicton, the angular clasts are smaller, there is more matrix and it becomes more 

fine grained, with similar characteristics to a lodgement till based on the following 

evidence: i) the grain size characteristics and clast forms within the till reflects the 

process of grain crushing and abrasion (Evans et al., 2006) and ii) the fissility in the 

till reflects the shearing process which persisted throughout its deposition (Meehan, 

1999). This is expected as the complexity of deformation of sediments generally 

increases from the base to the top. The formation of a gravel lag at the base of the 

diamicton indicates intense reworking of underlying strata (Winsemann et al., 2009). 

 

Facies 2 is not consolidated, fissile, sheared or folded. This together with the absence 

of displaced bedrock suggests the diamicton is not a lodgement till. Instead, the 

characteristics of the diamicton, as described above, is consistent with those reported 

by previous workers for melt-out tills (e.g., Boulton 1970; Kruger 1979; 

Dreimanis,1988; Meehan, 1999). The boulder lag representing the contact between 

the tills, shows no diffusive mixing and infers passive melt-out with the substrate 

undisturbed (Evans et al., 2006). This subglacial melt-out till reflects the slow and 

largely passive release of sediment from debris-rich stagnant basal glacier ice 

(Dreimanis, 1988). Good drainage and low ice content may perhaps have combined 

to produce low porewater pressures in the accumulating melt-out sequence thereby 

giving an apparent lack of structures (Carlson, 2004). 

 

The channel deposit comprising planar cross-bedded and horizontally bedded 

medium sands suggest aggradation by low-stage winnowing of fine sediments 

(Marren, 2002). Marren (2001) described similar depositional units in proglacial 
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fluvial sequences in Scotland, which he attributed to shallow, low velocity, variable 

flows. 

 

The poorly sorted, subrounded imbricated gravels are typical of those deposited in 

the proximal reaches of gravelly braided rivers close to the glacier (Gustavson, 

1974). Crudely-bedded outwash sequences accumulate in such a setting by the 

aggradation of longitudinal bars (Eyles et al., 1988). The pebbly openwork cross-

beds suggest deposition along cutbanks of the bar or in channels between the bars. 

The variation in orientation of the clasts suggest deposition from coarse-grained 

braided streams where bedload rolling of clasts predominate (Rust, 1977). The 

bimodal sorting, the massive, non-graded character and the non-erosive base of 

facies 5 suggests deposition by debris flows (Houmark-Nielson, 1983). The 

association of coarse-grained debris flow deposits alternating with glaciofluvial 

gravels deposited in braided channels is typical of proximal outwash environments. 

 

Depositional Environment  

The stratigraphic architecture exposed in the Lough Neill Pit II corresponds to 

deposition of subglacial tills (traction, lodgement and melt-out). Such deposition 

provided a protective cover from subsequent erosion for the underlying bedrock 

surface. Glaciofluvial deposition proceeded as evidenced by the development of 

channel bedforms (longitudinal bars and cutbanks). The presence of coarse-grained 

debris flow deposits at Lough Neill Pit II that alternate with glaciofluvial gravels 

suggests the pit and surrounding area is equivalent to a proximal outwash 

environment. 

 

 

7.2.3. Lough Neill Exposures 

 

Sediments in the Lough Neill Valley record a major depositional episode during the 

retreat of the Irish Ice Sheet. The valley acted as a sediment accumulation area with 

the resultant valley-fill constituting some of the most diverse and complex landform 

and sediment assemblages in the glaciated landscape of NW Donegal (Plate 7.2). 

The relief surrounding the valley is in excess of 400 m with Tievealehid Mountain at 
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an elevation of 429 m existing as the highest peak in the area. The Corveen River 

and its smaller tributaries deeply incise the valley floor. The valley is 

characteristically U-shaped, trending in an east southeast-west northwest direction 

with a length of almost 2 km, but is only 0.8 km wide at its broadest part in the west. 

The valley floor is occupied by a cluster of drift mounds (Plate 7.3). Individual 

mounds are up to 15 m high and lie in close proximity to each other (spaced less than 

10 m apart). Circular depressions punctuate the flat-topped mounds. Gaps between 

the flat-topped mounds produce discontinuous and undulating surface forms. 

 

 

Such gaps are occupied by river channels. Collectively, the mounds typically trend 

obliquely down-valley across the mountain sides. Higher slopes and upland areas are 

characterised by thin (less than 2 m) colluvium and exposed rock. A lack of rockfall 

and avalanche debris is apparent on the lower mountain slopes. Sediments are 

exposed at five localities within the valley and reveal a diverse range of glaciofluvial 

and glaciolacustrine deposits. 

 

 

Plate 7.2 The sediment accumulation within the Lough Neill Valley, NW Donegal. 
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Two levels of terraces can be observed along the northern wall of the Lough Neill 

Valley, characterised by a subdued pitted surface with a sharp break of slope to the 

steep valley wall to the rear. The terrace at the highest elevation is the largest, 

extending for 0.8 km, being 180-200 m wide at an elevation of 275-305 m a.s.l. 

Exposure 1 is located within this terrace. The lower and smaller terrace extends for 

0.3 km, is 50-70 m at its broadest point, occurs between 185-215 m a.s.l. and is 

trimmed by fluvial incision. Exposure 2 reveals the sedimentary composition of this 

terrace. Plateau mounds occupy the highest relief of the Lough Neill Valley. Their 

surface is roughly level, although in places it shows an undulatory profile containing 

one large depression now occupied by Lough Neill (Plate 7.4). The margins are 

terraced and the surrounding slopes are steep and frequently dissected by gullies. 

The shape is variable, with a surface area approximately 0.5 km
2
 and a height 

ranging from 10 to 50 m. The sedimentary composition of the plateau mounds is 

observed through Exposure 3 and 5. Exposure 5 has been cut into the eastern edge of 

the mounds with Exposure 3 located further down-valley. Exposure 4 is the highest 

elevated section visible within the valley occurring at an elevation of 275 m a.s.l. It 

is situated where mounds merge with the steep valley wall. 

 

 

 

 

Plate 7.3 Looking into Lough Neill Valley from Attantee highlighting the extent to which the valley 

floor is choked with flat-topped mounds. 



Chapter 7  Sedimentology of Lough Neill Valley 

212 

 

 

7.2.3.1. Exposure 1 

 

Description 

Exposure 1 of the Lough Neill Valley occurs at the south-eastern edge of the smaller 

terrace and is exposed at the base of a river gorge (Figure 7.8). It is 15.1 m long and 

1.9 m thick and consists of stacked units of cross-stratified, matrix- and clast-

supported gravels, separated from each other by discontinuous, anastomosing 

stringers of laminated sand and silt. Well defined, linear beds of subangular and 

faceted clasts, consisting of diorite (66%) and quartzite (34%), steeply dip towards 

the northwest and west. One outsized boulder is present up to 2 m long, 

predominantly angular or subangular, and blocky rather than platy in shape. 

Deformation structures, difficult to discern especially where the sediments are 

particularly coarse, consist mainly of a network of high- and low-angle reverse 

faults. A truncated upper surface is evident. 

 

Interpretation 

Exposure 1 of the Lough Neill Valley is interpreted as a debris flow facies, emplaced 

by the movement of sediment mixed with water. Its characteristics resemble those 

previously described for debris flow deposits derived from the mobilization of 

glacigenic sediments (Eyles et al., 1988; Brazier and Ballantyne, 1989). The  

Plate 7.4 View of Lough Neill perched high up in the valley. Bloody Foreland is the high relief in the 

background of the photograph. 
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Figure 7.8 Cross-section, section log and location map, Exposure 1, Lough Neill Valley, NW Donegal. 
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discontinuities between individual units are inferred to represent the boundaries 

between successive flows, and the anastomosing stringers of sand and silt are 

interpreted as the products of reworking of the surfaces of individual flows by wash 

(Ballantyne and Benn, 1994). The association of thin sandy beds with outsized clasts 

can be related to deposition from quasi-continuous sandy underflows (McCabe et al., 

1992). Variable grading patterns together with evidence (outsized clasts) for clast 

freighting (Postma et al., 1988) suggest deposition by mass flows in which there 

were strong grain interactions and high dispersive pressures (Hein, 1982). 

Deformation structures are associated with the aggradation of the debris flows. 

 

 

7.2.3.2. Exposure 2 

 

Description 

Exposure 2 is located on the outer edge of the upper terrace on the northern flank of 

the Lough Neill Valley. It is 27 m long and 5 m thick and shows a wide variation in 

clast size, packing, orientation and matrix content giving an overall chaotic 

appearance (Figure 7.9). It displays a wide range of massive to crudely stratified, 

poorly sorted, predominantly coarse-grained, clast-supported cobble gravels in 

stacked sheets intercalated with discontinuous deformed lenses of medium to coarse 

sand. The clasts are subangular to subrounded, with b-axis imbrication and are of 

quartzite (44%), granite (34%), diorite (18%) and quartz (4%) lithologies. Numerous 

outsized boulders are present and together with some cobble clasts are aligned in a 

near-vertical position. At some locations, sufficient matrix is present to qualify the 

deposit as a diamicton. On close examination it is apparent that large folds (slightly 

overturned to the north), normal faults and downwarping are present. 

 

Interpretation 

Deposition of the sediments at Exposure 2 in the Lough Neill Valley occurred 

rapidly as indicated by the lack of sorting and its massive nature. The imbrication of 

the clasts suggest bed load transport (Miall, 1977) with the stratification of the 

gravels and the stacked multi-storey sequence indicating vertical accretion of 

pulsatory bedload sheets representing bar formation (Collinson, 1996). The rotation  
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Figure 7.9 Cross-section, section log and location map, Exposure 2, Lough Neill Valley, NW Donegal. 
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of the clast axes towards the vertical, causing a steepening-upward clast fabric, 

suggests compression during final deposition (Kostic et al., 2005). The lateral extent 

and range in orientation is indicative of a broad, unsteady, unconstrained flow 

(Banerjee and McDonald, 1975). This facies association is symptomatic of topset 

development in a high energy, non-cohesive, sediment river system characterised by 

high-energy currents typical of braided streams (Kostic et al., 2005) confined by the 

ice margin at one side and by a steep mountain slope at the other. The presence of 

folds indicates that the environment was very unstable with the normal faults 

indicating vertical collapse of the facies possibly due to the melt-out and 

disintegration of underlying dead ice (McCarroll and Rijsdijk, 2003). The orientation 

of the faults (striking transverse to the general palaeocurrent direction) is typical of 

marginal collapse caused by the removal of ice-supporting walls (McDonald and 

Shilts, 1973). The absence of compressional folds and shear structures indicate 

deposition over and around a stagnant ice mass (Eyles et al., 1987). 

 

 

7.2.3.3. Exposure 3 

 

Description 

A river section provides a view of the sediments exposed in Exposure 3 (Figure 

7.10). This is 15.4 m long and 3.8 m thick and is characterised by sheets of parallel 

bedded sands and clast-supported pebble to cobble gravel that pass down-dip to 

interbedded cross-stratified coarse sand with massive or normally graded sets of 

planar cross-bedded pebble gravels, dipping westwards at angles inclining from 5° in 

the east to greater than 10° in the west (Appendix D17). The gravels are 

predominately subangular to subrounded but clusters of angular clasts are also 

present and are set in a coarse sand matrix. Most beds are 50-80 cm thick and tabular 

with some showing an openwork texture, particularly downslope. Clasts are 

exclusively of quartzite. Bed contacts show a non-uniform upper relief due to 

postdepositional erosion. 
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Figure 7.10 Cross-section, section log and location map, Exposure 3, Lough Neill Valley, NW Donegal. 
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Interpretation 

The alternating gravel facies of Exposure 3 in the Lough Neill Valley are interpreted 

as the result of avalanching processes mainly controlled by debris fall mechanics 

(Kostic et al., 2005). This is indicated by the normal grading of individual units, the 

downslope increase in maximum grain size and the openwork texture, which 

principally makes up a major part of debris fall deposits (Nemec, 1990). The massive 

assemblages of this facies type suggest that clast-to-clast collisions may have also 

played a certain role in creating the debris flow (Kostic et al., 2005), while the 

matrix may be the result of an incorporation of suspension-rich water during the 

avalanche process or by later infiltration of fine-grained fractions. The massive 

alternating gravels passing into more stratified gravels interbedded with stratified 

sands reflect a move from proximal to slightly more distal parts despite a lack of 

evidence for average grain size and dip angle of beds decreasing downslope. Distinct 

erosional surfaces are common features that sharply truncate individual beds. Over-

passing sediment masses partly reworked the substratum, thus generating the 

prominent erosional surface (Kostic et al., 2005). The characteristic steeply inclined 

beds of alternating gravel facies consisting of openwork gravel layers, stratified 

gravel facies and stratified sand facies forming small lenses within the gravel facies 

suggest proximal delta-foreset beds. 

 

 

7.2.3.4. Exposure 4 

 

Description 

Exposure 4 of the Lough Neill Valley is a stiff, clast rich, massive, consolidated, 

homogenous diamicton. Diamicton is rare in the valley, with a total aggregate 

thickness of 2.3 m and a length of 12.6 m (Figure 7.11). The diamicton overlies an 

abraded bedrock surface where the bedrock has been broken along fractures into 

small blocks. A core of bedrock occurs from which isolated blocks or rafts are 

displaced and thrust into the overlying diamicton stretching out towards the north in 

the form of an under-developed anticlinal arch. The dominant clast lithology mimics 

the underlying bedrock lithology and is exclusively of quartzite. Clasts are supported 

in an angular pebble gravel. Clast morphology is similar to small roche moutoneés,  
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Figure 7.11 Cross-section, section log and location map, Exposure 4, Lough Neill Valley, NW Donegal. 
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where the blocky angular to subangular, cobble to boulder sized clasts have been 

smoothed and planed on the upstream side but remain sharp, craggy and rough on 

the lee side. Towards the top of the unit, clast morphology becomes more 

subangular, clast size decreases to small cobbles and pebbles, and diorite (48%) and 

quartz (2%) lithologies become more common. Matrix composition also changes to a 

coarse sand with matrix volume increasing. Palaeocurrent directions close to the 

upper boundary show flow directions to the north or northeast. Neither interlayers 

nor flow structures have been observed. 

 

Interpretation 

The diamicton of Exposure 4 in the Lough Neill Valley is composed of displaced 

angular rafts of bedrock, dragged by the overriding ice, and suggests that point 

pressure was at a maximum at the glacier base while the rafts were being tectonised 

(Meehan et al., 1997). The slabs are held in a matrix of cannibalised, angular clasts 

of the same quartzite bedrock suggesting the sediment cannot have been squeezed 

into its current position as a sediment flow. Instead, it has been bulldozed in a 

subglacial environment with the break-up of the rafts into a stony tectonite attributed 

to subglacial friction, point pressure and abrasion in a debris-rich dynamic zone at 

the glacier's shearing base (Meehan et al., 1997). Further up the diamicton facies, 

clasts become smaller, rounder , more polished and together with the change in 

matrix composition suggest the diamicton is analogous to a lodgement till (Meehan, 

1999). Despite its geographical location high up in the valley, the diamicton is not 

interpreted as a supraglacial melt-out till or flow till as it does not possess the 

diagnostic criteria, i.e. poor consolidation, a near absence of local bedrock clasts and 

weak clast fabrics transitional with debris flows or reworked till (Fisher and Taylor, 

2002). The lack of interlayers or flow structures, the prominence of brittle 

deformation structures and the grain size characteristics and clast forms within the 

till (Evans et al., 2006) as well as the fissility of the till record basal lodgement 

processes that deposited the till.  
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7.2.3.1. Exposure 5 

 

Description 

Exposure 5 is 13.6 m long and 4.4 m thick and consists of a stacked sequence of 

sheets of parallel bedded sands and clast-supported, pebble and cobble gravel 

dipping west to northwest between 15° and 20° (Appendix D18). Individual beds are 

between 1 m and 2 m in thickness and most show normal and down-dip grading 

(Figure 7.12). Clasts are imbricate and consist exclusively of quartzite (98%). A 

down slope transition from a clast- to a matrix-supported gravel and finally to a 

gravel to sand mixture is revealed.  

 

Interpretation 

The dipping, stratified coarse sand with pebble to cobble gravel are characteristic of 

foreset structures (Smith and Ashley, 1985). Stratification is more pronounced in the 

matrix-supported gravel and sand to gravel mixture reflecting segregation of clasts, 

which may be assigned to debris flow surge mechanisms (Nemec and Steel, 1984). 

The varying proportion of sandy matrix implies that the water-to-sediment ratio was 

fluctuated from flow to flow and sediment concentration was highest in the clast-

supported gravels (Kostic et al., 2005). Imbricate gravel suggests that the sequence 

prograded in a northwesterly direction. 

 

Depositional Environment 

The stratigraphic architecture and characteristics of the facies associations exposed 

in the Lough Neill Valley are analogous to the infilling of a former ice-walled lake 

plain (Livingstone et al., 2010). These coarse-textured deposits represent the surface 

and the proximal part of an ice-contact deltaic sequence. Proximity to the glacier is 

documented by dropstones, incorporation of clusters of angular clasts and to a minor 

degree by synsedimentary faults that most likely were initiated by glaciodynamic 

processes (Kostic et al., 2005). The massive gravels, envisaged to have been 

deposited in a broad braided glaciofluvial channel characterised by low relief 

migratory bar and lateral accretion (Gustavson and Boothroyd, 1987), were 

transported mainly laterally along the valley sides. Foreset sediments were mainly 
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Figure 7.12 Cross-section, section log and location map, Exposure 5, Lough Neill Valley, NW Donegal. 
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transported by cohesionless debris flows and debris falls depositing alternating 

gravels with openwork beds and sheet-like stratified gravels (Kostic et al., 2005).. 

Delta growth was progradational due to high sediment input, which represents the 

dominant control on delta development (Benn and Evans, 1998). Melting of glacier 

ice is thought to account for high discharge rates that generated abundant sediment 

supply, but also caused fluctuations in lake level that may explain shifting delta 

growth from the north and northeast (upper delta terrace) to the west and northwest 

(lower delta terrace) in the Lough Neill Valley. 

 

 

7.2.4. Lough Neill Pit III 

 

Lough Neill Pit III is situated at an elevation of 125 m a.s.l. and extends north-

eastwards from the entrance to the Lough Neill Valley into the lower relief of the 

Corveen area. It is delineated by Tievealehid Mountain and is located adjacent to 

Lough Nagreenan. The pit is small and encompasses numerous small cuttings into 

the landscape that are spaced about 10-20 m apart (Plate 7.5). The pit it hidden  

 

 

 

Plate 7.5 The small excavation that is Lough Neill Pit III on show in the back centre of the 

photograph, camouflaged in the landscape by the surrounding hummoocky topography. 
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within the hummocky topography that surrounds it and therefore has unfortunately 

developed into the prime location for illegal dumping of domestic waste. Despite 

being small in size, the pit is very deep (up to 15 m at some locations). The 

sediments are dominated by boulder, cobble and pebble gravels. Numerous very 

large boulders are strewn across the floor of the pit. The boulders are predominantly 

granite and are up to 3 m in diameter. Four of the pit faces were chosen for detailed 

analysis. 

7.2.4.1. Face 1 

 

Description 

Face 1 of Lough Neill Pit III is 14 m long and 1.4 m thick and consists of three facies 

(Figure 7.13). Facies 1 at the base of the section comprises 0.5 m of planar cross-

bedded, imbricated, normal to inversely graded cobble gravels. Clasts are 

subrounded to rounded and supported in a matrix rich in granules and very coarse 

sand, with sediment finer than medium sand being very rare. This facies is 

interrupted by a cluster (0.9 m thick) of small to medium sized, massive, clast-

supported boulders. The boulders are up to 0.6 m in diameter, are subrounded and 

are aligned in a near-vertical position (Appendix D19). As these boulders constitute 

the largest clasts of the section, the cluster stands out within the sedimentary 

sequence. The gravels show small-scale forethrusting. Directional data from 

individual thrust structures indicate that the dominant thrust transport direction was 

towards the north. 

 

Overlying facies 1 is a 0.4 m unit of medium- to coarse grained sand beds. The sand 

beds are parallel-laminated until they become anticlinally arched over the boulder 

cluster, after which they form laterally discontinuous, steeply dipping (15-25°) cross-

bedded sands of varies thicknesses (0.1-0.8 m), where thickness increases downslope 

in a general northward direction. The sands are a lee-side deposit of the boulder 

cluster and exhibit reactivation surfaces similar to flaser or lenticular beds with a 

preferred orientation to the north. The top 0.2 m of this unit consists of stratified 

sands with a series of interbedded lenses of low-angle cross-stratified rounded to 

subrounded, clast-supported pebbly gravels. The gravels have erosional contacts 

with the stratified sand. 
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Figure 7.13 Cross-section, section log and location map, Face 1, Lough Neill Pit III, NW Donegal. 
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The bed contact between the sand/pebbly gravel facies and overlying facies 3 is 

sharp and erosional. The upper most facies 3 is 1.7 m in the south, pinching out 

laterally to 0.5 m in the north, composed of poorly sorted, unstratified, clast-

supported, cobble to boulder gravels with ancillary amounts of inversely-graded 

pebbly gravels. Clasts consist of quartzite (54%), meta-dolerite (34%) and granite 

(12%) lithologies and are weakly orientated towards the northeast and east. The 

gravels show small-scale extensional faulting. 

 

Interpretation 

The deposit of Face 1, Lough Neill Pit III represents glaciofluvial deposition 

followed by glaciotectonic disturbance. It consists of clast- and matrix-supported 

cobble and boulder gravels, characterised by poor sorting, minimal abrasion, abrupt 

lateral and vertical changes in particle size and geometry which are typical of 

glaciofluvial sediments (Marren, 2001). Sediment transport of this type would have 

occurred under high-energy conditions where rapid aggradation of the sediment-fluid 

mix was followed by a low-stage winnowing of finer sediments (Marren, 2002). The 

gravels are indicative of proximal turbidite sedimentation from gravelly, high-

density turbidity currents close to points of sediment input (Lowe, 1982), and are 

typical of gravel-dominated braided river deposits formed by fluctuating discharges 

of meltwater streams (Miall, 1977). 

 

The transition from gravel beds to sand beds represents a change in discharge 

magnitude or sediment availability in specific areas of the streambed (Fisher and 

Taylor, 2002). The deposition of parallel laminated sands of facies 2 implies low-

density turbidity current sedimentation. The alternating sand/pebble layers and the 

presence of reactivation surfaces shown in the sands indicate that the flow regime 

was complex with rapid temporal or spatial changes in current flow conditions, 

suggesting ephemeral streamflow conditions (Dardis et al., 1984). The transition 

from sands into beds of small-scale, avalanche-front, cross-stratified, pebbly gravels 

dipping at low angles reflects either simple progradation or zoning of the velocity of 

flow on the lee-side of the boulder cluster where meltwater ponded to sufficient 

depths to facilitate sediment avalanching (Dardis et al., 1984). This predominantly 

coarse grained facies sequence suggests proximity to an ice margin and sediment 

source (Benn, 1996) where the transition from normal- to inversely graded cobble 
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gravel into disorganised bed facies reflects an up-sequence increase in flow velocity 

with increased water depths (Dardis et al., 1984). Glaciotectonic disturbance of the 

gravels resulting in the formation of thrust structures is interpreted as the result of ice 

push or overriding ice close to or at an ice margin (Glanville, 1997). Such an ice-

thrust assemblage may be associated with bulldozed hummocky moraines (Hart, 

1999). 

 

 

7.2.4.2. Face 2 

 

Description 

Face 2 of Lough Neill Pit III possesses a general coarsening upwards sequence. The 

face is 15.5 m long and varies from 2.5-3.2 m in thickness. The sequence comprises 

two facies associations (Figure 7.14). The basal member is a 0.7-1.2 m thick unit of 

soft to firm, poorly sorted, massive diamicton with a sandy matrix. Pebble to small 

cobble clasts dominate with frequent outsized boulders present (exclusively of 

granite). Clasts are subangular to subrounded with the degree of rounding decreasing 

with clast size and there are no signs of striations. Lithologically, they are composed 

of meta-dolerite (58%), granite (20%), quartzite (16%) and porphyry (6%) with a 

strong northwest fabric. Discontinuous and millimetre thick laminae of sand and silt 

drape the clasts. There are no structures observed. The contact between the 

diamicton and the overlying facies is sharp and clearly identifiable. A very large, 

subrounded granite boulder (1.4 m in diameter) is located adjacent to this sequence, 

occurring at the same height as the diamicton. It too is draped by a laminae of sand 

and silt but is surrounded by slump. 

 

The upper facies is 2.5 m thick and is characterized by a grey, moderately sorted, 

stacked set of crudely stratified, cross-bedded units of pebble and cobble gravels, 

commonly clast-supported and frequently openwork (Appendix D20). Beds are 

approximately 0.5 m thick and appear to fine upwards, are erosively based and 

lenticular in geometry. Clast orientation is highly variable, but imbricated clasts are 

present and dip to the east and southeast. Over folding or thrust shearing was noted 

in the gravels. The degree of bedding and sorting lessens towards the top of the unit,  
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Figure 7.14 Cross-section, section log and location map, Face 2, Lough Neill Pit III, NW Donegal. 
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grading into a more massive part. Lithologically, the sediments are quartzite (70%), 

meta-dolerite (22%) and granite (8%). This facies is replaced northwestwards with a 

more matrix-supported gravel facies which is also poorly sorted with clast size 

ranging from boulders to pebbles supported in a fine-grained matrix. Clasts are 

subangular to subrounded. This facies largely lacks internal stratification, although it 

is commonly interbedded with the cross-stratified facies described above. 

 

Interpretation 

The soft to firm composition of the diamicton, the presence of far travelled and 

locally derived clasts and the fact that it possesses a strong fabric indicates ice-

contact/ice marginal sedimentation similar to that described by Shaw (1972) for ice-

contact sediments in Shropshire, England. 

 

The cross-stratified gravel facies is interpreted to be the product of bed-form 

migration under unidirectional unsteady currents and is chiefly a product of large-

scale bar formation (Diemer, 1987). Beds are stacked sets, erosively based and 

lenticular in geometry and indicate that vertical accretion was the prevalent 

depositional mechanism (Collinson, 1996). The alternating clast-supported and 

openwork gravels show alternation between periods of higher and lower sediment 

input and between periods of higher and lower flow regimes (Ashley and Smith, 

1985). Strata containing matrix likely record later infiltration of pore space by fine-

grained material, while strata lacking matrix were probably deposited during 

relatively long periods of steady flow, when a restricted range of grain sizes were 

moving (Ashley et al., 1985). The matrix-supported gravel facies in the northwest 

portion of the sequence records sediment gravity flow and suggests proximity to the 

sediment source (Fraser and Cobb, 1982). The fine-grained drapes of clasts are 

analogous to suspended sediment rain out. This facies is indicative of a fluvial 

environment characterised by subaqueous outwash deposited close to the ice margin 

(Eyles and Miall, 1984). Sediments are indicative of channel forms where matrix-

supported gravel, formed by sediment gravity flows, dominate the proximal channel 

fill and cross-stratified gravel, formed by migrating bedforms, dominated the medial 

channel fill (Diemer, 1987). There is insufficient evidence to suggest the type of 

environment in which such sediments may have formed, i.e. subglacial versus 

proglacial versus jökulhlaup depositional setting. Glaciotectonic disturbance of the 
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gravels, represented by thrust shearing, is interpreted as the result of ice push or 

overriding ice close to or at an ice margin (Glanville, 1997). 

 

 

7.2.4.1. Face 3 

 

Description 

Face 3 of Lough Neill Pit III is 16.5 m long and varies between 1.4-3.1 m in 

thickness and is a coarsening-upwards sequence (Figure 7.15). There are two facies 

present. The basal facies consists of a tripartite division of sediment between 0.4 m 

and 1.3 m thick. The lowermost facies comprises light brown, horizontally 

laminated, moderate to well sorted fine sand that exhibits some evidence of gently 

sloping climbing ripple laminations found at the base and infrequently at the top. 

This graded upwards into dark grey, coarse, normally graded, silt beds with flaser, 

wavy laminations (0.04 m thick). The beds are underlain by erosion surfaces that 

extend laterally. This in turn is replaced by brown, massive, medium sand 

interbedded with outsized granule-pebble-gravel with sharp, laterally extensive, 

lower and upper boundaries that are roughly horizontal for lateral distances of meters 

along the face (Appendix D21). Small cobble sized clasts occur through this facies 

and commonly crosscut and deform the layers of sediment. Deformation is persistent 

through this facies and is characterised by deep open folds 0.1-0.4 m thick whilst 

there is also extensive evidence of centimetre-scale ball and pillow, water escape and 

flame structures especially along the contact with the overlying facies. 

 

Overlying the sandy facies is 1.8 m of poorly sorted, pebble to cobble sized clasts in 

crudely stratified bed sets that are 0.4 m thick. Bed sets generally coarsen and 

concave upwards. Planar cross-stratified gravels dominate, although horizontally 

bedded gravels are also present. The facies comprises subrounded to rounded 

quartzite (50%), meta-dolerite (32%), granite (16%) and quartz (2%) clasts held in a 

coarse sand to pebbly gravel matrix. Drapes of fine to medium sand are common 

towards the base of this facies. Openwork is identifiable, especially where small 

rounded boulders form cross-stratified layers. Clast orientation is highly variable. 
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Figure 7.15 Cross-section, section log and location map, Face 3, Lough Neill Pit III, NW Donegal. 
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Interpretation 

The horizontally laminated sand is interpreted to have formed by low energy traction 

currents during planar-bed flow (Jopling and Walker, 1968) in shallow water, 

possibly as a result of sheet flooding (Diemer, 1987). The development of climbing 

ripples and waveforms at the base of the facies association demonstrates the waxing 

and waning of water flow, respectively, with an increase in suspended sediment 

input and a reduction in flow velocity relative to the horizontal laminations (Miall, 

1977). The sheetlike deposits of sands are interpreted to be the nonchannelled 

deposits formed in pooled water on the interchannel surface of subaqueous outwash 

deposits (Ashley et al., 1985). The granule-pebble-gravel interbedded with the 

medium sand suggests a change occurred in energy conditions, combined with 

access to coarser sediments, and represents the beginning of bar and channel 

development in the upper-flow regime. High pore waters must have existed either 

during or following deposition due to the presence of water escape, ball and pillow 

and flame structures (Livingstone et al., 2009). The presence of numerous outsized 

clasts, interpreted as dropstones, indicate an ice-contact environment. 

 

The planar cross-stratified, poorly sorted, pebble to cobble gravels are associated 

with the formation of longitudinal gravel bars within channels. The clasts moved as 

bed load across bar tops, and avalanched down bar fronts to form the cross-

stratification during periods of high flow. The sandy matrix moved mainly in 

suspension with the sand, gradually filtering into the interstitial spaces between the 

clasts and draping them, probably during periods of lower flow (Eynon and Walker, 

1974). The less common horizontal stratification records vertical accretion on the 

channel floor. The gravels represent channel fill that is proximal to medial to the ice 

margin. The matrix-supported gravels dominated the proximal channel fill while the 

cross-stratified gravels, formed by migrating longitudinal bars, dominate the medial 

channel fill (Diemer, 1987). 

 

This coarsening upward sequence records a depositional event when a wanning 

meltwater discharge was followed by peak discharges during which the maximum 

sediment transport rates occurred (Diemer, 1987). Flows during this peak period 

must have been sufficiently energetic for outwash surface to be incised and overlain 

by proximal to medial channelled deposits. 
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7.2.4.2. Face 4 

 

Description 

Face 4 of Lough Neill Pit III is 4 m long and 1.5 m thick with a stratigraphy that 

shows a coarsening upwards pattern (Figure 7.16). The basal facies comprises a 

diamicton that is 0.5 m thick, light grey in colour, is massive and poorly sorted and is 

blocky to fissile, with matrix-dominated texture and firm composition. It contains a 

fairly low clast content of subangular to subrounded cobble sized clasts, consisting 

of the following lithologies; quartzite (56%), meta-dolerite (32%) and granite (12%), 

some of which are striated, all of which are held in a sandy silt matrix. The larger 

clasts are positioned exclusively towards the centre of the facies. The diamicton 

pinches out towards the south and a sharp contact separates this facies from the 

overlying one. Facies 2 is a thin (0.2 m) facies of horizontally bedded, inversely- 

graded, massive pebble gravels. No structures were observed in this facies. It too 

pinches out towards the south. 

 

Overlying a sharp contact is facies 3. Facies 3 is very similar to the other gravelly 

facies observed in this pit, although it contains more large boulders than had been 

seen previously. It is 0.8 m thick and consists of clast rich, planar cross-bedded, 

imbricated, weak normally graded boulder gravels. Clasts are subrounded to 

rounded, held in a pebble gravel and consist of quartzite (46%), meta-dolerite (26%), 

granite (22%) and quartz (6%) lithologies. Openwork layers are observed, especially 

where rounded boulders form cross-stratified layers. Clast orientation is highly 

variable. Clasts down-size towards the west with the boulder gravels being replaced 

by cobble gravels concurrent with an increase in pebble gravel matrix.  

 

Interpretation 

The basal facies of Face 4, Lough Neill Pit III is interpreted as a basal till due to its 

firm texture, thickness, geometry, striated clasts and fissile partings. The intermixing 

of far travelled and locally derived clasts, together with a strong fabric to the 

northeast may indicate ice-contact/ice marginal sedimentation (Shaw, 1971) of this 

till.  
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Figure 7.16 Cross-section, section log and location map, Face 4, Lough Neill Pit III, NW Donegal. 
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The sheer size and volume of the sediments within facies 3, together with its 

compact nature and openwork layers suggest deposition from high sediment 

concentration flows at or near a sediment source. The high sediment concentrations 

act to dampen flow turbulence and increase bulk density, allowing flows to transport 

large amounts of sediment and large boulders through the effects of buoyancy and 

dispersive stresses (Maizels, 1997). Flows must have been sufficiently energetic to 

truncate and planate the till deposit. High sediment concentration flows require 

relatively high gradients to sustain motion, and hence occur only locally in proglacial 

areas, normally confined to ice-proximal sites (Rust, 1978). The decrease in clast 

size from boulders to cobbles, concurrent with an increase in matrix and a decrease 

in average bed thickness with a slight improvement in sorting, indicates deceleration 

of meltwater perhaps due to the conduit entering into a water body. The lack of 

evidence for jokulhlaups (longitudinal grooves, giant potholes and scours) suggests 

this sedimentary sequence was produced by 'normal', ablation-related seasonal 

meltwater flows. 

 

Depositional Environment 

The sedimentary sequences at Lough Neill Pit III are complex and reflect numerous 

periods of erosion and aggradation with varying inputs of water from different flow 

populations, and of sediment from different sources. The deposits were produced by 

seasonal meltwater flows, operating within a braided river environment. The 

proximal zones are represented by sediment sequences dominated by clast-

supported, massive, imbricated gravels associated with the development and 

migration of longitudinal bars, while the more distal areas are represented by the 

deposition of overbank accretion and channel fill deposits leading to the formation of 

sandy cross-bedded lithofacies (Maizels, 1997). Glaciotectonic disturbance of the 

deposits reflect an ice margin that pushed and fluctuated during its overall retreat 

pattern across the area. 

 

 

 

 



Chapter 7  Sedimentology of Lough Neill Valley 

236 

7.3. Summary 

 

The Lough Neill Valley represents a major depositional episode during the retreat of 

the ice sheet across the study area. It is characterised by subglacial, glaciofluvial and 

ice-contact assemblages. 

 

An ice margin position is recorded at the entrance to the valley, marked by a small 

discontinuous ice-contact morainic feature connected to outwash deposits as 

evidenced through Lough Neill Pit I and II. The moraine consists of discontinuous 

ice-marginal constructions of both lodgement and traction till. Each are separated by 

finer sediment demarcating the periodic shut-down of the subglacial drainage 

system. Glaciofluvial gravels incise the till sheets and comprise sets of large scour 

fills. At the base of the large scours, debris flows made up of resedimented till reflect 

sedimentation in the proximal outwash environment where periglacial features 

indicate continuing permafrost conditions once the ice had contracted and retreated 

from this area. 

 

Within the valley itself, the ice margin broke apart with small blocks of stagnant ice, 

becoming separated and detached and corresponding to the drowned kettle of Lough 

Neill and the pitted surface within the valley. An ice-walled or ice-marginal lake 

developed that was ponded along and upon the sides of the inactive ice that was 

trapped within the valley. Large volumes of sand and gravel were transported into 

the lake by meltwater streams. The gravels and sands of Exposure 3 and 5 form large 

cross-bedded structures, indicating the development of foresets and topsets as part of 

a delta complex that was deposited into the lake. The melting dead ice blocks were 

replaced by meltwater streams that channelled flow laterally along the valley sides, 

producing kame terraces as evidenced by Exposure 1 and 2. The lake level controlled 

the height to which the kames developed. After the ice had finally vacated the Lough 

Neill Valley, the terrain within the valley is characterised by high plateau-like kames 

surrounded by lower level terraces. 

 

Lough Neill Pit III signifies subglacial streams that flowed along the ice base and 

which underwent successive phases of capture and abandonment with vast quantities 
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of sediment being transported to the ice margin. The flushing of sediment occurred 

in a braided network of unsteady, unconfined channels that acted as feeders where 

glaciofluvial sediments were deposited along the ice margin. 
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8. Chapter 8. SEDIMENTOLOGICAL 

INVESTIGATION OF THE 

GLASAGH LOWLANDS 

 

8.1. Introduction 

 

The Glasagh Lowlands is the third area examined in detail for this research. It is 

located to the north of the Gweedore area and the Lough Neill Valley as shown in 

Figure 8.1. This area encompasses Magheraroarty Mountain, Crocknaneeve  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 8.1 Map showing the location where detailed 

sedimentological investigations were undertaken, namely Glasagh 

Lowlands; Lough Neill Valley (as described in Chapter 7) and the 

Gweedore Area (as described in Chapter 6). 
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Highlands and Bloody Foreland. It extends from Ballynacraig in the east to 

Meenlaragh in the north, across to Cnoc an Duilisc in the west and as far south as 

Corveen. The majority of sedimentary sections for this area comprise small 

exposures. However, there is one large pit at Glasagh that forms the epicentre of this 

area, around which exposures are documented (Figure 8.2). 

 

 

The first section studied in detail includes four exposures that show the sedimentary 

composition of the Magheraroarty Mountainous area. These exposures, cut into 

hummocky topography, are hereafter referred to as Glasagh Exposures 1,2,3 and 4. 

These exposures connect the landscape from Tievealehid Mountain to the Glasasgh 

Figure 8.2 Map of the Glasagh Lowlands showing the sites where sedimentological analysis was 

carried out with all sites clearly marked in red. 
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Pit. Glasagh Pit is by far the largest pit examined as part of this research (0.7 km 

wide with faces up to 30 m high). A local road dissects the pit into two parts. The 

sheer size of the pit, the intensity of extraction occurring during the time of research 

and the volume of traffic entering and exiting the pit made this an extremely 

hazardous environment to work in. This was recognised quickly by the pit operators 

(Harkin's) and access to the pit was denied. Owing to this, only three faces were 

analysed from the Glasagh Pit. The final area comprises four exposures that show the 

sediments from Glasagh Pit to the northern coastline of Donegal. These occur in an 

almost linear fashion stretching from Bloody Foreland in the west to Meenlaragh in 

the east and are hereafter referred to as Glasagh Exposures 5, 6, 7 and 8. 

 

 

8.2. Site Description and Interpretation 

 

8.2.1. Glasagh Exposures 1-4 

 

The Glasagh exposures occur close to the Magheraroarty and Meenaclady Mountains 

(Plate 8.1). With the mountainous terrain reaching a maximum height of only 190 m 

a.s.l., it is probably more accurate to describe them as hills rather than mountains. 

Regardless, they are draped by glacial deposits which are capped by a thick peat 

cover. Topographically, the area comprises several ramparts and ridges that extend 

from the foot of Tievealehid Mountain towards the northwest for 5 km. The ramparts 

are the highest features, buttressing against the lower slopes of Tievealehid Mountain 

at a maximum relief of 180 m a.s.l. Their surface is superimposed by small 

hummocks and drowned kettle holes. The ramparts develop downslope (to 100 m 

a.s.l.) into sinuous, crenulated ridges that extend in finger-like projections towards 

the northwest. Individual ridges are 3.1-4.2 km long, 10-20 m high and tens of 

metres wide. The ridges are commonly asymmetrical with a steeper western slope 

and a more gentle, subdued eastern slope. The ridges are separated by deep valleys, 

giving them a more pronounced appearance on the landscape. The valleys have flat 

to gently inclined bottoms with steep slopes that form a radial pattern towards the 

northwest (Plate 8.2). The valleys are now occupied by the Glenhoola, Glen, 
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Owenawillin and Owentully rivers, though such rivers are contained in small 

channels that do not fully occupy the valleys. The underlying bedrock appears to 

have influenced the morphology of this area, with at least two ridges appearing to be 

located along the axes of bedrock highs. 

 

 

 

Plate 8.1 A view of Glasagh Exposure 3 occurring in Magheroroarty and Meenaclady Mountains. 

Tievealehid Mountain is visible in the background. 

Plate 8.2 The ramparts that develop into ridges that extend in finger-like projections towards the 

northwest across the Magheroroarty and Meenaclady Mountains as viewed from Cloghaneely. 
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8.2.1.1. Exposure 1 

 

Description 

Exposure 1 of Glasagh is located at the highest point (180 m a.s.l.) along a steep 

slope on the largest rampart abutting Tievealehid Mountain, and it exposes the 

sedimentary composition of this feature. This section is 6.35 m long and 1.85 m 

thick and is predominantly coarse grained with a very crude fining upwards pattern. 

Three facies associations are evident (Figure 8.3). The basal facies is the thickest 

facies present at 1.2 m and comprises poorly sorted, massive to weakly stratified, 

clast rich, cobble and boulder gravels. Clasts are subrounded to well rounded and 

consist of quartzite (38%), meta-dolerite (31%), granite (30%) and quartz (1%) 

lithologies. Low angle cross-strata dip towards the southwest. Medium to coarse 

sand typically fill the pore space between the gravel clasts. Clasts are striae free. 

Large outsized boulders, exclusively of granite, are observed with diameters of 0.65 

m, 0.55 m and 0.75 m respectively (Appendix D22). A strong fabric was recorded in 

a north northwest direction. A decrease in clast size is apparent from east to west 

where boulders and cobble gravels are replaced by well-rounded pebbles organized 

into thin (0.3-0.5 m), stacked cross-stratified beds concurrent with an increase in 

sandy matrix. Contact between this facies and the overlying one is gradational. 

Facies 2 is a 0.15 m thick unit consisting of planar cross-bedded coarse sand and 

pebbly gravel. This unit is truncated by a 0.5 m ‘spoon-shaped’ channel composed of 

pebble-cobble gravel and coarse sand, which pinches out at either end and fines 

upwards and outwards away from the scour bottom. 

 

Interpretation 

Given the rampart-like shape and fluvial-like sedimentology of Exposure 1 at 

Glasagh, the sediments are interpreted to have been deposited by meltwater. The 

presence of large boulders, and poorly sorted nature and the overall coarse texture 

indicate high sediment concentration flows recording deposition near the mouth of a 

meltwater conduit where current velocities were greatest. The sheet-like beds of 

coarse gravel reflect intensive meltwater discharge under upper plane-bed conditions 

and accumulation as longitudinal bars (Blazauskas et al., 2007). A shift in 

sedimentation is marked by a change to finer-textured, planar sands and planar cross- 
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Figure 8.3 Cross-sectional sketch, section log and location map of Exposure 1, Glasagh, NW Donegal. 
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bedded layers that represent a change from high energy sheet-flood to low energy 

braided stream flow accompanied by regular sediment supply (Blewett and Winters, 

1995). The cross-beds are interpreted as dune forms (Miall, 1977) analogous to the 

deeper portions of active channels where the bed-load is predominantly sand. The 

pebble-cobble gravel filled channel at the top represents either channel scour or bar 

deposit characterised by high energy scour conditions (Livingstone et al., 2009). 

 

 

8.2.1.2. Exposure 2 

 

Description 

Exposure 2 at Glasagh is located within the valley between two ridges and is 

exposed along the banks of the Glen River (Figure 8.4). It is 6.9 m long and 2.3 m 

thick and is characterised by subhorizontal beds of fine to coarse sand, a series of 

vertically stacked trough cross-beds, ranging from 0.2-0.5 m in width and 

disarticulate lenses of clast-supported trough cross-bedded to planar bedded pebble 

and cobble gravel. The trough cross-beds exhibit fining upwards sequences from 

stratified coarse sand and granule gravel into fine to medium sands. These beds cut 

across the subhorizontal beds of fine to coarse sand. The gravels are normally 

graded, imbricated, have an erosional base and are subangular to subrounded, some 

of which are striated and draped by a thin lense of sand, with principal lithologies of 

quartzite (48%), granite (39%), meta-dolerite (9%) and quartz (4%). One large 

outsized (1 m in diameter) spherical granite boulder is present and appears to be 

floating in the finer deposit. There is a strong palaeoflow recorded to the northwest. 

 

Interpretation 

The stacked multi-storey sequence of Exposure 2 of Glasagh indicates that vertical 

accretion was the predominant depositional mechanism (Collinson, 1996). The 

subhorizontal sands at the base of this exposure are interpreted as a shallow stream 

flow deposit (Miall, 1977). The trough cross-bedded sands represent dune formations 

indicative of a high energy flow regime. The injection of erosive based, trough cross-

bedded, imbricate gravels suggests deposition by bed-load traction currents and 

represent channel lags or channel bar forms (Collinson, 1996). The outsized boulder  
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Figure 8.4 Cross-sectional sketch, section log and location map of Exposure 2, Glasagh, NW Donegal. 
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is interpreted as a dropstone and indicates proximity to the ice. The cyclical change 

from gravels to sands indicates pulsed changes in flow velocity/discharge and 

sediment availability. This exposure records fluvial deposition characterised by dune 

and bar migration in a changing hydrological regime typical of a braided stream 

(Miall, 1977).  

 

 

8.2.1.3. Exposure 3 

 

Description 

Exposure 3 of Glasagh is located on the eastern facing lower slopes of a ridge. It is 

4.2 m long and 1.7 m thick and is moderate to well-sorted comprising layers of silt, 

gravel and sand (Figure 8.5). The basal facies is a 0.85 m thick unit composed 

predominantly of light grey, trough cross-laminated silts displaying normal faults in 

a wedge-shaped unit. Interbedded in the silt is a single thin (0.1 m) lense of poorly 

sorted granules, lying on a sharp erosional contact, that shows a saucer-like syncline 

that develops into poly- to anticlinorium folds towards the northeast. A fold and 

thrust contact exists between the silts and the overlying facies. The silt facies is not 

laterally extensive but is truncated towards the northeast by stratified granules 

organized in clinoforms that are interdigitated with cross-laminated and herringbone 

cross-stratified medium sands. Facies 2 consists of discontinuous, inversely graded, 

matrix-supported cobble to boulder gravels. Clasts are subangular to subrounded and 

are supported in a granular sand matrix. The gravel beds form scour fills that 

prograde over the finer facies below (Appendix D23). The boundary between the 

gravels and the overlying facies is diffused with diapiric structures emanating from 

the gravels. Facies 3 comprises interbeds of horizontally laminated silt, granular sand 

and pebbly gravels. Shallow, regular, harmonic folds of a maximum 0.7 m 

wavelength are observed throughout this facies.  

 

Interpretation 

Exposure 3 of Glasagh is typical of an ice-proximal subaqueous outwash 

environment owing to the presence of stratified sand and gravel clinoforms, rapid  
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Figure 8.5 Cross-sectional sketch, section log and location map of Exposure 3, Glasagh, NW Donegal. 
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vertical changes in grain size, scour fills and small scale syn-depositional 

glaciotectonic disturbances (Powell, 1990; 2003). The laminated silts of the basal 

facies member represent bottomset deposition. The prograding of stratified sand and 

granule clinoforms into the silts are interpreted as shallow dipping foreset beds. 

Facies 1 therefore is interpreted as a fan deposit. The absence of topsets prevents this 

facies being classified as a delta. The coarsening up to cobble and boulder gravels of 

Facies 2 records changing depositional processes. The gravels were deposited by 

traction currents that incised down through the fan, typical of a braided river deposit 

(Marren, 2005). The presence of inverse-grading of the gravels provides evidence for 

subaqueous mass flow processes (Walker, 1977) where dispersive pressure involves 

the upward dispersion of large clasts from zones of high shear stress at the base of 

the traction current (Lowe, 1982). The preservation of the inversely graded gravels 

by traction currents points to rapid deposition (Eyles et al., 1987). The size and 

coarse-grained nature of the gravels indicate proximity to the ice margin (Evan et al., 

2011). The emplacement of the gravels clearly loaded the upper beds of the 

underlying silts and sands resulting in the formation of a thrust and fold contact, and 

suggest both rapid sedimentation and high moisture content of the basal facies. This 

is substantiated by the presence of syn-, poly- and anticlinal folds in the granular 

sand lense interbedded in the basal facies. This suite of structures indicates 

deformation that was dominated by vertical rather than lateral displacements (Evans 

et al., 2011). The presence of diapirs and normal faults indicate that the deformation 

may have been related to reverse-density gradients rather than deformation by a 

pushing ice margin (McCarroll and Rijsdijk, 2003). Reverse-density systems occur 

where high-density sediments (gravels) are rapidly deposited onto low-density 

sediments (laminated silts and sands, probably waterlain and saturated) (Evans et al., 

2011). The shallow, regular, harmonic folds with near constant wavelengths of 

Facies 3 suggest ice proximity. The cake-like layering of this facies, as evidenced by 

the thin continuous bands of silt separated from the gravel horizons, suggests 

switching episodes of high to low traction currents indicating temporal or spatial 

changes in current flow conditions. The disturbance by glaciotectonic activity 

suggests the ice margin was unstable. The depositional environment for this 

exposure is probably the shallow margin of a lake into which a river rapidly 

prograded its bedload (Evans et al., 2011). The relative thickness of this deposit 

suggests that it accumulated only in a small-scale ice margin lake. 
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8.2.1.4. Exposure 4 

 

Description 

Exposure 4 of Glasagh is located at the most eastern extremity of the ridged complex 

of Glasagh on planar, flat-lying terrain. It is 4.2 m long and 1.9 m thick and consists 

of sand and diamicton (Figure 8.6). The basal 0.6 m is characterised by light brown, 

massive fine sand. The mean grain size ranges from medium to fine sand with 

individual beds defined by the crude layering characterised by a gradation in grain 

size. These sands are interbedded with medium grained, well-sorted, normally 

graded, planar bedded sands and thinly laminated silts. Sparse clasts (two small 

pebbles) are recognisable within the sands where beds anastomose around such 

obstacles. One small, light grey, finely laminated silt inclusion is present at the base. 

The silt shows evidence of small scale deformation such as convoluted lamination. 

The upper contact is gradational with the overlying facies. 

 

The overlying facies is a 1.3 m thick unit characterised by a light brown colour, fine-

grained matrix-supported diamicton with a significantly higher density of clasts than 

the underlying facies. It varies northwards from massive to crudely stratified. Crude 

stratification is represented by attenuated, small scale stringers and lenses of 

massive, well-sorted, ungraded fine sand as well as interbeds of discontinuous chains 

of steeply dipping cobble and pebble clasts, often only one clast thick. The clasts are 

subangular to subrounded, consisting of quartzite (52%), granite (26%), meta-

dolerite (13%) and quartz (9%) lithologies with weak clast fabrics recorded to the 

northwest. Occasional clasts that protrude from the lenses are draped by diamicton. 

The diamicton displays some structures including overfolds with axial planes that 

dip northwestards. 

 

Interpretation 

Exposure 4 suggests a change to a more distal environment dominated by fallout and 

resedimentation that occurred away from energetic meltwater inputs of previous 

exposures in the Glasagh area. The massive sands could either be the result of 

suspension settling from quasi-continuous currents (Ashley, 1990) , grain flow  
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Figure 8.6 Cross-sectional sketch, section log and location map of Exposure 4, Glasagh, NW Donegal. 
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deposition (Evans and Thomson, 2010) or high concentration sediment gravity flows 

(Eyles et al., 1987). The planar cross-bedded sands are probably associated with 

turbidity currents formed during underflow sedimentation (Evans and Thomson, 

2010), with high energy underflows creating bottom-current reworking (McCabe et 

al., 1984). The small silt inclusion also represents low energy conditions, deposited 

from suspension fallout, reflecting fluctuations in the volume of sediment input and 

the depositional mechanisms from bedload transport to suspension fallout (McCabe 

et al., 1984). 

 

Facies 2 is interpreted as a product of subaqueous debris flow. The texture and poor 

sorting suggest derivation from unsorted sediment, rapid movement and rapid 

deposition (Evans and Thomson, 2010). The presence of gravel layers and their 

steeply dipping geometry documents sporadic high energy traction current activity 

(Eyles and Lagoe, 1990). Waning flow is recorded by the occurrence of clast drapes 

that suggests deposition from suspension after pulses of clast transport events 

(Fitzsimons, 1992). The accumulation of mass flow deposits in conjunction with the 

presence of small scale syn-depositional deformation and the concentration of 

weakly orientated clasts suggests an ice-contact context for the sediments (Eyles and 

Lagoe, 1990). 

 

Depositional Environment 

The Glasagh Exposures 1- 4 record meltwater deposition by high energy sheet-flood 

and low energy braided stream flow characterised by dune and bar formation. The 

cyclical change from gravels to sands indicates pulsed changes in flow 

velocity/discharge and sediment availability. Small-scale ice marginal lakes formed 

between dunes and bars into which meltwater streams rapidly prograded their 

bedload through subaqueous mass flow processes. The size and coarse-grained 

nature of the sediments of the Glasagh Exposures indicate proximity to the ice 

margin with small-scale glacier margin oscillations recorded by glacitectonic 

structures. 
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8.2.2. Glasagh Pit 

 

A wedge of glacigenic sediment, referred to as Glasagh Pit, is located at the end 

point of the ridged complex that extends along Meenaclady Mountain (Plate 8.3).  

 

 

 

 

The Pit, sited at 100 m a.s.l., masks the lower southeastern slopes of Bloody 

Foreland and spreads northwards as an undulating plain to the coast. The area above 

100 m a.s.l. is ice scoured. The pit is a large operation with extraction taking place 

on both sides of the local road that dissects it. The sediments within the pit are 

dominated by sands with very large boulders located within the sections and strewn 

across the pit floor. Many of the pit faces are slumped but three were chosen for 

sketching and logging owing to their thickness, clarity and their ability to represent 

the dominant sediment architecture of the surrounding area.  

 

 

Plate 8.3 Glasagh Pit is the largest operational pit in the region 
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8.2.2.1. Face 1 

 

Description 

Face 1 of Glasagh Pit is 37 m long and 5.7 m thick. Two facies have been identified 

on the basis of sediment geometry, textural contrasts and dominant sedimentary 

structures (Figure 8.7). Facies 1 dominate the exposure at a thickness of 4.7 m and is 

characterised by a firm, massive to crudely stratified diamicton that consists of 

stacked beds of poorly sorted mixtures of sand and silt containing dispersed pebbles 

and small cobbles. Beds have a tabular geometry and are laterally continuous with 

bed thicknesses varying greatly, especially where lateral amalgamation of several 

beds occur. Bed junctions are recognisable from discontinuous pebble lines and fine 

sand stringers. Variability in clast shape (subangular, subrounded, edge rounded, 

glacially faceted) is common. Clasts are composed of meta-dolerite (44%), quartzite 

(28%), granite (16%), porphyry (8%) and quartz (6%) with clast fabrics being poorly 

organised. Outsized clasts up to 1 m in length occur sporadically and are composed 

exclusively of granite. The diamicton assumes a veneer-like form across the top of 

the large clasts with contorted bedding of the diamicton beneath (Appendix D25). 

 

A loaded contact separates this facies from the overlying Facies 2. The top 1 m of 

the exposure appears chaotic, but on closer examination it is crudely bedded 

consisting of stacked thin horizons of cobble to pebble gravels. Beds show rapid 

textural variation ranging from massive cobble gravels to cross-bedded pebble 

gravels. These are matrix-supported, continuous and occur in irregular sheets, lenses 

and shallow (< 1 m) scours of 5-20 m in width. Loaded clasts are common with 

outsized clasts of small rounded boulders also present. 

 

Interpretation 

The sedimentary assemblage of Face 1 of Glasagh Pit is characterised by crude 

stratification, stacked beds with distinct bounding surfaces, homogeneous silty-sand 

matrix and large isolated clasts and silty drapes. These are the result of mass flow 

events typically associated with debris flow activity in a subaqueous setting (Eyles, 

1987). The dominance of matrix-supported facies indicates that cohesive flow  
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Figure 8.7 Cross-sectional sketch, section log and location map of Glasagh Pit, Face 1, NW Donegal. 
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prevailed (Postma et al., 1983). Textural differences within the diamicton are a likely 

function of changes in sediment load, heterogeneous debris sources and differing 

travel distances between discrete flow events (McCabe and Eyles, 1988). The range 

of clast shapes present within diamicton beds indicates that debris flows were 

derived from glacial and glaciofluvial sources with the stacked, sheet-like geometry 

of the diamicton suggesting flow was episodic in character. 

 

The upward transition from diamicton to the overlying multi-storey channelized beds 

implies a change in dominant processes from cohesive debris flows to waning flows 

dominated by traction current activity (McCabe and Ó Cofaigh, 1995). Crudely-

developed grading within troughs suggests the localised development of turbulence 

and the ability to size-sort clasts within the flow (Walker, 1984). The massive 

character, weak-grading and rapid pebble to cobble transitions of the gravels also 

reflect high density turbidity currents (Lowe, 1982). The weakly channelized beds 

point to highly variable unsteady flow conditions and rapid deposition. 

 

The diamicton and gravel facies together indicate deposition of large volumes of 

heterogeneous debris. The interbedded nature of the diamicton (cohesive debris 

flow) and gravel (high density turbidity currents) indicates that this area was 

characterised by a range of sediment gravity flow processes (Lowe, 1982). Major 

reasons for rapid facies changes of this type may be associated with ice marginal 

fluctuations, pulsed quasi-continuous sediment supply or relative changes in water 

level (McCabe and Eyles, 1988). The thickness and lateral continuity of the exposure 

suggests sediment accretion occurred near the ice margin in response to substantial 

hydraulic head beneath the ice margin (Gustavson and Boothroyd, 1987). It is argued 

that continuous sediment wedges of this type are formed during a re-equilibration or 

temporary pinning of the ice margin (McCabe and Ó Cofaigh, 1995) as ice evacuated 

the northern coastline. 
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8.2.2.2. Face 2 

 

Description 

The overall succession of Face 2 at Glasagh Pit is very similar to that of Exposure 1. 

The exposure is 35.8 m long and 5.9 m thick (Figure 8.8). It comprises six facies 

associations. 

 

The lowermost 3 m of this exposure shows great lateral facies variability passing 

northwards from laminated diamicton to graded diamicton to couplets of pebble 

gravels and sands to massive and weakly stratified gravels. The thickest facies 

consists of laminated, massive, matrix-supported, texturally homogeneous 

diamicton. Faint, conformable and flat-lying stratification is picked out by small 

colour changes of matrix and minor textural changes from silt to sand. Clast 

concentrations within the diamicton are very small, with floating clasts of subangular 

to subrounded pebbles and small cobbles showing irregular spatial variations both 

laterally and vertically within the unit. The diamicton has a transitional upper 

contact. 

 

This facies is replaced northwards by multiple thin (0.1-0.3 m) units of massive or 

normally graded diamicton, interbedded with thin units (5-10 cm thick) of fine sand 

and silt and thicker units of massive, matrix-supported pebble to cobble gravel (0.3-

1.2 m thick). Diamicton units are tabular and clast content is almost exclusively of 

meta-dolerite. One large angular clast obliterates the facies architecture accompanied 

by penetrative deformation of diamictic beds beneath it. A gently dipping boulder 

lag demarcates the end of this facies.  

 

Facies 3 consists of tabular cross-sets of laminated fine to medium sands (0.2-0.4 m 

thick) interbedded with thin elongate lenses of laminated silt (0.1 m) and low-angle 

planar cross-stratified, matrix-supported, normal to inversely graded pebble gravels 

that show weak imbrication. In most cases the beds stack conformably, although 

some have scoured basal contacts. The gravels are supported in a fine sandy matrix 

and small recumbent folds are identifiable. A fluid escape chimney and soft-

sediment deformation structures, together with numerous small dropstones, are  
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Figure 8.8 Cross-sectional sketch, section log and location map of Glasagh Pit, Face 2, NW Donegal. 
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present in some units of fine to medium sand. This facies grades northwards into 

cobble gravels incorporating lenticular units of diamicton which are often partially 

reworked. Further northwards the diamicton is present only as diamictic clasts in an 

otherwise cobble gravel dominated unit. The gravel is predominantly clast supported, 

imbricated and frequently shows evidence of both normal and inverse grading. Beds 

are either massive or have weak horizontal stratification. Architecturally, two 

elements are observed: a uniformly dipping sheet of cobble gravels (up to 2 m thick) 

and a small openwork cluster in a channel-shape (1.8 m wide). The facies shows 

even greater diversity with small-scale scours (<1 m) infilled with horizontally 

stratified medium to coarse sand. 

 

Overlying the highly varied basal facies is a one-clast thick cobble lag that 

demarcates the upper contact. Facies 5 is a 2.2 m thick unit of firm massive and 

ungraded matrix-supported diamicton. Clasts are frequent, subrounded, 

predominantly pebble in size and appear to be exclusively of meta-dolerite. The 

matrix consists of a coarse sand. Small scours filled with horizontally laminated fine 

sand are observed.  

 

Facies 6 occupies the top of the exposure and is a thin unit of matrix supported 

cobble to boulder gravels that are crudely bedded and occur in shallow (< 1 m) 

scours of 5-10 m in width. Loading by clasts is common. The gravels are ungraded 

and supported in a medium to coarse sand. 

 

Interpretation 

The massive diamicton evident at the base of Face 2 of Glasagh Pit is the product of 

cohesive debris flows or the direct deposition via continuous fall-out of sediment 

(Bennett et al., 2002). The apparent lack of angular clasts within this facies suggests 

it more closely resembles a debris flow deposit accumulating by the downslope 

resedimentation of unstable piles of heterogeneous debris as cohesive debris flows 

(Eyles et al., 1988). This facies passes both laterally and vertically into graded 

diamicton in places mixed with gravels and sands. This reflects a change to more 

turbulent flows associated with increased sediment-water mixing and disaggregation. 

This allowed clasts to settle within individual flows to form a tractive layer (Eyles, 

1987). The rhythmites of sand, silt and inversely graded gravels are interpreted as 
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distal turbidites initiated by sediment-density flows due to their close association 

with the diamicton (Eyles, 1987). The transition from rhythmites to reworked 

diamicton reflects a prograding succession with distal turbidites being succeeded by 

more proximal debris flows (Bennett et al., 2002). The sheet of cobble gravels is 

attributed to concentration of density flows which become more dilute and turbulent 

in the direction of transport, giving a transition from matrix-rich to matrix-poor 

gravels (Bennett et al., 2002). Facies 5 is interpreted as a diamicton. Episodes of 

channel incision are recorded by the uppermost cobble gravels that indicate episodic 

traction currents (McCabe and Dardis, 1989). 

 

Sediment supply for this exposure was via a continuum of gravity driven processes, 

including slumping, cohesive debris flows, hyperconcentrated/concentrated density 

flows, and turbidity currents. These processes may have been controlled by variables 

such as the rate of sedimentation, the depositional slope, current velocity, sediment 

source, and the frequency of destabilising trigger events which may initiate 

downslope flow (Eyles, 1987). The succession can be split into two depositional 

packages, i.e. the transition from debris flow activity to successive concentrated 

density flows. The interplay between debris flows, successive concentrated density 

flows and current activity suggests oscillations occurred and may represent 

fluctuations of debris concentration or a fluctuating ice margin (Bennett et al., 2002).  

 

 

8.2.2.3. Face 3 

 

Description 

Face 3 is one of the largest exposures of Glasagh Pit, reaching 47.8 m in length and 

7.3 m in thickness (Figure 8.9). Despite its size the sedimentary sequence is 

restricted to a single sedimentary assemblage. This consists of a massive diamicton 

that occurs as stacked tabular units separated by erosional boundaries. Thin interbeds 

or lenses of discontinuous shallow dipping matrix supported pebble to cobble gravels 

and poorly sorted gravelly sands occur, often only one particle thick, and give the 

diamicton a crudely to moderately stratified appearance. Occasional pockets of clast-  
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Figure 8.9 Cross-sectional sketch, section log and location map of Glasagh Pit, Face 3, NW Donegal. 
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supported diamicton also occur, especially within the top 3 m of an otherwise silty-

sandy matrix-supported facies. Crosscutting of the diamicton by numerous 

extensional faults and multiple thrust faults are observed. Inclusions of horizontal 

laminated fine sands (2 m in length) are prominent at two levels in the diamicton. 

One pocket (12 m in length) of low angle dipping, well sorted, planar cross-beds of 

subrounded to rounded cobble gravels that laterally fine into rounded pebble gravels 

occur in northeast dipping shallow clinoforms. Within the gravelly clinoform, the 

matrix is predominantly horizontally bedded sands and sandy granule gravel, 

displaying occasional cross-bedding. Unit thickness varies from 1.3 m to 1.8 m. 

Outsized (> 1 m) rounded boulders, exclusively of granite, occur as a single 

discontinuous lense intersecting the diamicton. 

 

Interpretation 

Face 3 of Glasagh displays the characteristics of stacked sequences of cohesionless 

and cohesive subaqueous debris flows interbedded with lenses of winnowed lag 

gravels and coarse-grained suspension deposits (Postma et al., 1983). Such 

characteristics include the following: i) stacked tabular units of matrix-supported and 

clast-supported diamictons separated by erosional contacts, (ii) discontinuous 

interbeds or lenses of massive gravel indicative of subaqueous traction currents and 

(iii) interdigitating of coarser deposits forming clinoforms (Postma et al., 1983; 

Mulder and Alexander, 2001). Glacier proximity is recorded by the general 

coarsening of the diamicton to included interbeds of matrix-supported gravel and 

clast-supported diamicton (Evans et al., 2011). Sedimentation by: i) suspension 

settling in slow moving non-turbulent water is indicated by the inclusion of 

laminated fine sand and by ii) turbidity currents are shown by the gravel deposition, 

all of which interrupted the influx of the diamicton. The outsized boulder lags may 

represent jokulhlaup-type deposits or hyperconcentrated flows (Evans and Thomson, 

2010). An ice-contact context is further evident in the small scale syndepositional 

deformation and may relate to oscillations of an ice margin with its associated 

glaciotectonism. 

 

Depositional Environment 

The sediments at Glasagh Pit represent a continuum of gravity driven processes 

showing a general transition from cohesionless and cohesive subaqueous debris 
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flows to successive concentrated density flows to subaqueous turbidity current 

activity. These processes may have been controlled by variables such as the source 

and rate of sedimentation, the depositional slope, current velocity and the frequency 

of destabilising trigger events. The thickness and lateral continuity of the sediments 

in Glasagh Pit suggest sediment accumulation may have been formed during a re-

equilibration or temporary pinning of the ice margin as ice evacuated the northern 

coastline. 

 

 

8.2.3. Glasagh Exposures 5-8 

 

The composition of the landscape from Glasagh Pit to the northern coastline of 

Donegal is exposed through four sedimentary sections. These exposures occur in a 

linear fashion stretching from Bloody Foreland in the west to Meenlaragh in the east 

and are hereafter referred to as Glasagh Exposures 5, 6, 7 and 8. Glasagh Exposure 5 

is a small excavation into the north western facing slopes of Bloody Foreland. It 

occurs at an elevation of 80 m a.s.l. in the townland of Meenlagha. Exposure 5 is part 

of a small disused quarry where many of the faces were slumped, overgrown and 

unsuitable for analysis. Exposure 6 is situated in close proximity to the northern 

coastline at an elevation of 63 m a.s.l. The exposure is delineated by the north-

eastern slopes of Bloody Foreland and is located in the townlands of Cnoc an 

Duilisc. Exposure 7 is located at Meenlaragh at an elevation of 70 m a.s.l. This 

exposure reveals the sedimentary composition of the north-eastern slopes of 

Crocknaneeve Hill that borders the northern coastline. The final exposure, 8, is 

located on the southern slopes of Crochnaneeve Hill at an elevation of 70 m a.s.l. 

 

 

8.2.3.1. Exposure 5 

 

Description 

Exposure 5 of Glasagh is 30 m long and 4.5 m thick. Glacial sediments comprise 

only the top 1.3 m of this exposure (Figure 8.10). Weathered bedrock dominates  



 

263 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.10 Cross-sectional sketch, section log and location map of Glasagh Exposure 5, NW Donegal. 
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here, expanding to a thickness of between 3.2-3.6 m. The weathered bedrock consists 

of a crumbling granite saprolite that is bleached to a light grey colour. Large feldspar 

grains and reddened quartz grains are visible in the material. The granite saprolite 

contains in situ corestones that retain the granitic crystalline structure but have been 

severely weathered (Appendix D26). Resting above the weathered granite are two 

facies associations. The lower facies is a 0.4 m unit of light brown, stiff, 

overconsolidated, massive, poorly sorted diamicton containing a high proportion of 

angular clasts and a small percentage of very angular clasts. All clasts are 

predominantly of local quartzite, range from large pebble to small cobble in size and 

are held in a coarse sand matrix. A sharp contact separates this facies from the 

overlying more homogenised and finer-grained diamicton that is up to 0.9 m thick. 

The diamicton is matrix-rich, comprising light grey silty-sand that is horizontally 

stratified forming sheet-like beds with only a small amount of pebble clasts present. 

Sub-vertical fissures are evident throughout this facies. 

 

Interpretation 

Exposure 5 of Glasagh reflects deposition of a lodgement till followed by a period of 

mass-wasting where glacigenic sediments were moved downslope away from 

Bloody Foreland. Facies 1 cannot be explained as a glaciotectonite or deformation 

till owing to the lack of evidence for ingestion or cannibalisation of the underlying 

material. Therefore, the stiffness, over-consolidation and fissility of Facies 1 lends 

itself to being interpreted as a basal lodgement till. The horizontally stratified, 

unconsolidated upper facies is of uncertain depositional processes, although the 

available data suggest that it may be a resedimented till formed by the transportation 

downslope of fine-grained, water-saturated material by gravity-induced mass 

movement (Harrison et al., 2010). The fissures reflect the liquefaction and 

mobilisation of the material while the fine-grained nature reflects a distal 

depositional setting. 
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8.2.3.1. Exposure 6 

 

Description 

Exposure 6 is 13.1 m long and 1.3 m thick and is restricted to a single facies 

association (Figure 8.11). This comprises coarse textured, poorly sorted, massive, 

clast rich, pebble to cobble gravels. Clasts are subrounded to well rounded and 

consist of quartzite (32%), meta-dolerite (30%), granite (20%), quartz (10%) and 

diorite (8%) lithologies. Imbrication of the larger clasts is evident. Three large 

outsized rounded granite boulders (>1 m in diameter) occur at this exposure. The 

matrix, although a minor constituent (<10%), consists of a coarse to granule sand 

that typically fills the pore space between clasts, occasionally draping their upper 

surfaces. Fragments of severely weathered bedrock have been incorporated into the 

gravel as well as minor lenses of coarse grained, massive matrix-supported 

diamicton. Slickenslide surfaces are common in the diamicton and are thought to be 

the product of micro-scale shearing, indicating that the whole facies may have been 

deformed, but deformation is recorded only in the contorted lenses of diamicton. A 

northerly palaeoflow direction was recorded from clast striations and a weak clast 

fabric. Fragments of severely weathered bedrock have also been incorporated into 

the gravel. 

 

Interpretation 

The very coarse grained nature of the gravels indicates deposition from high energy 

flows (Delaney, 2001). The gravels are interpreted as glaciofluvial outwash as 

indicated by the well rounded clast morphology and clast imbrication. The lack of an 

upward fining sequence and the poorly sorted nature of the material suggests ice 

marginal or proximal deposition. Sand drapes indicate that meltwater discharge was 

highly variable, typical of proximal outwash environments (Blewett and Winters, 

1995). The incorporation of diamicton indicates the influx of sediment-laden 

meltwater in the form of hyperconcentrated flows (Evans, 2001). Such flows 

probably flowed off the front of the glacier and became intermixed with subaerial 

outwash sediments. 
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Figure 8.11 Cross-sectional sketch, section log and location map of Glasagh Exposure 6, NW Donegal. 
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8.2.3.2. Exposure 7 

 

Description 

This exposure is 18.1 m long and 2.6 m thick. It is a coarse grained facies 

comprising moderately sorted, stacked sets of crudely stratified, trough cross-bedded 

units of cobble gravels that are clast-supported and frequently openwork (Figure 

8.12). Beds are approximately 0.3 m thick, erosively based and possess a tabular 

geometry. Typically, troughs are high dip, moderate width and low amplitude. 

Lithologically, the gravels are quartzite (45%), meta-dolerite (34%), granite (8%), 

porphyry (8%) and quartz (5%). Clasts are subangular to subrounded in shape. The 

gravel beds commonly contain a fine mode of planar cross-bedded sand and fine 

gravel that fills the voids of the bed framework of coarser gravel towards the west of 

the exposure. The gravels are characterised by numerous shallow angled thrust faults 

that dip towards the northwest. 

 

Interpretation 

The occurrence of trough cross-bedded gravels at Exposure 7 in Glasagh relate to 

migrating gravel dunes (Khadkikar, 1999). The roundness of clasts, well bedded 

nature and sorted appearance of the gravels indicate they are glaciofluvial in origin. 

They represent channel-fill deposit transported in pulses of bedload sheets on the 

stoss side of the dune (Whiting, 1996). The troughs do not occur in solitude but as 

part of a stacked set that are erosively based, indicating vertical accretion was the 

prevalent depositional mechanism (Collinson, 1996). The transition from cobbly 

openwork textures to matrix-filled layers of pebble gravel and coarse sand was as a 

result of the sorting mechanisms at various positions of dune formation. Strata 

containing matrix likely records later infiltration of pore space by fine-grained 

material, while strata lacking matrix were probably deposited during relatively long 

periods of steady flow, during which a restricted range of grain sizes were moving 

(Ashley et al., 1985). Glaciotectonic disturbances are recorded with the dominant 

style of deformation being compressional, as evidenced by the numerous thrust faults 

where the gravels have been shunted and displaced to the north-northwest. A lack of 

an upward fining sequence suggests ice marginal to proximal depositional setting. 
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Figure 8.12 Cross-sectional sketch, section log and location map of Glasagh Exposure 7, NW Donegal. 
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8.2.3.3. Exposure 8 

 

Description 

Exposure 8 of Glasagh is 13.2 m long and 6.4 m thick (Figure 8.13). The basal 1.7 m 

are characterised by weathered bedrock. The weathered bedrock consists of a 

crumbling granite saprolite. Large feldspar grains are visible in the material. Resting 

above the weathered granite is 4.7 m of light brown, stony, matrix-rich diamicton. 

The diamicton occurs in stacked tabular units, separated by erosional and often 

unconformable boundaries. Individual units contain discontinuous interbeds or 

lenses of massive or matrix-supported, poorly sorted gravel, and sands or silty sands. 

These interbeds give the diamicton a crudely to moderately stratified appearance. 

Clasts are subangular to subrounded, with b-axes all less than 20 mm and mostly 5 -

15 mm. Lithologically, the clasts comprise quartzite (32%), meta-dolerite (30%), 

granite (20%), quartz (10%) and diorite (8%). Clast fabrics recorded from this 

diamicton show a preferred clast orientation to the north.  

 

Interpretation 

Exposure 8 at Glasagh displays the characteristics of stacked sequences of 

cohesionless and cohesive subaqueous debris flows interbedded with lenses of 

winnowed lag gravels and coarse-grained suspension deposits (Postma et al., 1983). 

Diagnostic criteria include:(i) stacked tabular units of matrix-supported diamictons 

and matrix-supported gravel separated by erosional contacts and (ii) discontinuous 

interbeds or lenses of massive gravel and laminated sands or silty sands indicative of 

subaqueous traction currents and underflows (Evans et al., 2011). 

 

Depositional Environment 

The exposures located on the lower slopes of Bloody Foreland and Crocknaneeve are 

characterised by resedimented till formed by the transportation downslope of fine-

grained, water-saturated material by gravity-induced mass movement (Exposures 5 

and 8). This depositional mechanism was punctuated by glaciofluvial outwash where 

pulses of gravel bedload sheets were deposited in the form of migrating dunes 

(Exposures 6 and 7). The disturbance by glaciotectonic activity suggests an unstable 

ice margin environment.  
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Figure 8.13 Cross-sectional sketch, section log and location map of Glasagh Exposure 8, NW Donegal. 
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8.3. Summary 

 

The Glasagh Lowlands represent the largest assemblage of glaciofluvial material in 

the study area. A regional till sheet underlies the entire area, upon which 

glaciofluvial moraines were deposited. The Glasagh glaciofluvial moraines are 

evident across the lowlands and represent rapid sub-ice glaciofluvial deposition 

along the ice margin. They exhibit a general fining northwards indicating a southerly 

ice/meltwater source. Glasagh Pit signifies the development of a subaqueous fan 

complex where steady-state conditions prevailed to enable continuous deposition of 

the fan. A lack of fine sediment shows that converging and accelerating flow forced 

the extension of more proximal fan facies, with basin geometry and flow conditions 

controlling development of the subaqueous fan. Ice stagnation in the form of a thin, 

dead ice apron led to the development of hummocky, chaotic, drowned kettle-holed 

terrain now visible by the numerous lakes at the head of the Glasagh Lowlands. This 

prevented the effective discharge of meltwater and resulted in the extensive 

reworking of sediments by debris flows. 
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9. Chapter 9. SEDIMENTOLOGICAL 

INVESTIGATION OF THE 

NORTHERN COASTLINE 

 

9.1. Introduction 

 

The Northern Coastline is the final area where a detailed sedimentological 

examination was carried out (Figure 9.1). Extensive coastal erosion along the North 

Atlantic coastline of Donegal has exposed a 8.2 km long glacigenic sequence, 

stretching eastwards from Altawinny Bay to Carn na Máilleach. This unique 

sedimentary record contains a wealth of information ascribed to ice sheet activity 

and conditions of deglaciation of the region. The coastline is characteristically 

rugged with moderate relief where cliff sections vary in height from beach level to 

16 m. Sedimentological investigations were undertaken at vertical cliff sections at 

five sites (Figure 9.2), namely, Altawinny Bay (Exposure 1-3); Ranaghroe Point 

(Exposure 4-5); Altnapeaste (Exposure 6-8); Currans Port (Exposure 9-11) and Carn 

na Máilleach (Exposure 12). Cliff sections at these sites were neither slumped nor 

collapsed and were accessible for analysis with the sites deemed representative of the 

sedimentary facies at the locality. 

 

 

9.2. Site Description and Interpretation 

 

9.2.1. Altawinny Bay 

 

Altawinny Bay is located at the most northwesterly point along the coast of Donegal. 

The bay system is bound by rocky headlands to the northeast and south,  
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Figure 9.1 Map showing the areas selected for detailed sedimentological investigation for this 

research.Chapter 9 details the sediments that occur along on the Northern Coastline. 

Figure 9.2 Map of the northern coastline of Donegal showing the sites where sedimentological 

analysis was carried out. All sites are marked in red. 
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sheltering it from the high wave energies of the North Atlantic. A coarse-grained, 

steeply sloped gravelly beach stretches for 1.5 km along the western coastline and 

clearly terminates at Altawinny Bay. The bay system itself comprises a gravelly 

beach, intertidal area and a back-barrier environment where exposed glacigenic 

sediments extend landward (Plate 9.1). Three exposures were examined at Altawinny 

Bay. 

 

9.2.1.1. Exposure 1 

 

Description 

Exposure 1 of Altawinny Bay comprises the coarsest material exposed for the entire 

northern coastline of Donegal. This exposure is 38.5 m long and 3.8 m thick and 

incorporates three facies on the basis of their grain-size characteristics, sedimentary 

structures, bedding geometry, bed thicknesses and contacts (Figure 9.3). The basal 

facies is a 0.3 m unit of sand, separated into 0.1 m of poorly sorted massive to 

horizontally laminated silty sand grading upwards into 0.2 m of planar cross-bedded 

coarse sand accompanied with discontinuous granules or scattered pebble lines 

occurring along small scour surfaces. This facies is laterally discontinuous and only 

visible as a small pocket to the north of the section. The upper contact of this basal 

facies is marked by a sharply defined, undulating erosional surface. 

Plate 9.1 View of the sheltered Altawinny Bay with exposed cliffs of glacigenic sediment. 
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Figure 9.3 Cross-sectional sketch, section log and location map of Exposure 1, Northern Coastline of Donegal. 
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Facies 2 is characterised by a diamicton that is 2.3 m thick consisting of vertically 

stacked diamictic beds that are texturally highly variable and supported in a sandy 

matrix. Individual beds show a polymodal clast distribution with rapid lateral 

changes from pebble to cobble grades. Clasts are subangular to subrounded, 

consisting of granite (78%), quartzite (14%), meta-dolerite (6%), quartz (1%) and an 

unidentifiable red coloured rock type (1%). Clasts are tightly packed and bed 

thicknesses are highly variable and difficult to measure as a result of the frequent 

occurrence of edge-rounded, outsized granitic boulders (> 2 m in diameter) that 

project through several beds boundaries (Appendix D27). Clast orientation is 

chaotic. 

 

Overlying a conformable contact is Facies 3. This unit is 1.2 m and consists of low-

angle cross-stratified pebble and cobble gravels. The gravels are poorly sorted, 

amalgamated and show textural transitions between openwork clusters and matrix-

supported horizons. The pebble gravel beds show dispersed cobble-sized floating 

clasts. The matrix is a poorly sorted coarse sand. Clast fabric is disorderly. Many 

beds locally show weak normal grading, often of coarse-tail type, limited to the 

coarsest clasts. 

 

Interpretation 

The massive to horizontally laminated silty sands at the base of Exposure 1 at 

Altawinny Bay indicate waning lower-stage flow conditions and deposition from 

low-density turbulent currents (Kneller, 1995). The vertical change to planar cross-

bedded sands is interpreted as the product of migrating dunes by low-density, sandy, 

subcritical turbulent flows (Middleton and Southard, 1984). Evidence for scouring 

associated with the discontinuous granule and pebble lines reflect transient surging 

flows evolved from higher-density components of the slower moving turbulent flows 

(Nemec and Steel, 1988). The sedimentary signatures of the diamicton (crudely 

stratified stacked beds, high textural variability with outsized edge-rounded clasts 

projecting from bed tops) are associated with rapid deposition of sediment from 

unsteady, powerful flows, with little tractional sorting and minimum vertical clast-

size segregation. Such a mode of deposition typifies hyperconcentrated flows 

(Mulder and Alexander, 2001). Facies 3 shows vertical clast-size segregation, 

leading to a locally openworked texture and to the accumulation of gravel clusters 



Chapter 9  Sedimentology of Northern Coastline 

277 

inferred to represent continued fluvial activity albeit at lower flow conditions 

allowing hydraulic particle-size sorting to occur. Pebble gravel beds with dispersed 

cobble-sized floating clasts reflect higher density flows with larger clasts supported 

by both fluid turbulence and clast collisions (Middleton and Hampton, 1976). Cobble 

gravels probably formed as tractional channel lags (McCabe and Ó Cofaigh, 1995). 

 

There is no evidence for deltaic units at this exposure, indicating that the sediment 

pile did not have sufficient time to reach former water levels, and suggesting rapid 

sediment aggradation over a short time span (McCabe and Ó Cofaigh, 1995). The 

lack of evidence for ice marginal thrusting, sediment squeezing or overlapping of 

material suggests sediment input was from one input source with abrupt change in 

the dominant subaqueous process linked to the evolution, strength and activity of 

that source. 

 

Textural contrasts and discontinuities of Exposure 1 in Altawinny Bay are consistent 

with sedimentation from a single basal efflux that operated during ice marginal re-

equilibration (McCabe and Ó Cofaigh, 1995). Low jet activity is recorded by bottom 

current activity and deposition of the sand association of facies 1. Invigorated jet 

momentum coupled with a massive increase in heterogeneous debris supplied by 

pulsed jet flow is marked by facies 2. The stratigraphic couplet of fine-grained 

sediments overlain by thick, coarse-grained diamicton can provide a signature for ice 

marginal re-equilibration followed by catastrophic decay (McCabe and Ó Cofaigh, 

1995). Abrupt decrease in sediment availability is marked by facies 3 and represents 

the final stages of efflux activity (McCabe and Ó Cofaigh, 1995). 

 

 

9.2.1.2. Exposure 2 

 

Description 

Exposure 2 of Altawinny Bay is 48 m long and 5.9 m thick with an overall 

coarsening upwards sequence from sand to pebble and cobble gravel (Figure 9.4). 

The base of this exposure comprises a deeply eroded remnant of a rocky marine  
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Figure 9.4 Cross-sectional sketch, section log and location map of Exposure 2, Northern Coastline of Donegal. 
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platform. The platform is 0.75 m thick, black in colour and is fractured. The fractures 

are smooth with planar surfaces. The base of the platform is lost below modern 

beach level.  

 

Overlying the rocky marine platform is a discontinuous layer of alternating sands 

and silts up to 1.45 m thick (Facies 1). This facies is characterised by moderately 

sorted, massive, coarse grained ripple-drift sand beds and wavy-bedded granular 

sands. Ripple form sets usually bear thin drapes of laminated silts. Burrow traces that 

are thin, upright and branching are evident. The wavy-bedded granular sand 

increases in frequency up section. Visible deformation structures include normal 

faults and small cuspate-shaped folds. The beds are bounded by sharp upper and 

lower contacts. 

 

Overlying the basal facies is a 0.45 m unit of crudely-stratified clast-rich diamicton 

(Facies 2). The stratiform beds are thin (usually only one clast thick) and are 

conformably interbedded with sands and laminated silts. Clast size within the 

diamicton fine upwards from subangular small cobbles to subangular to subrounded 

pebble gravels. All clasts possess a distinct planar upper surface. A gradational 

contact marks the beginning of the overlying facies 3. 

 

Facies 3 is 0.2 m of massive, matrix rich diamicton with very few clasts set in a 

sandy matrix. This facies grades into facies 4 which comprises a diamicton that is 0.7 

m thick and consists of stacked beds of poorly-sorted mixtures of sand and silt 

containing dispersed pebbles, cobbles and occasional boulders. Clasts are 

predominantly subangular in shape and lithologically are composed of quartzite 

(43%); meta-dolerite (22%); unidentifiable red clasts (14%); quartz (8%); granite 

(7%); and diorite (6%). Discontinuous streaks of washed sand are evident and 

occasional boulders are embedded in the unit. 

 

Overlying a gradational contact is facies 5 which is 0.3 m of massive, matrix 

dominated, clast poor diamicton, texturally similar to facies 3. The upper surface of 

facies 5 is marked by a prominent boulder pavement (Appendix D28). This consists 

of a continuous line of closely packed boulders that extends laterally for 31 m. 

Individual boulders (75%) are embedded in a coarse sand matrix and are separated 
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by sand wedges while the remaining clasts (25%) have touching edges. Clasts are 

subrounded to rounded in shape, range in size from 0.3-1 m in diameter and have 

smoothed, planar upper surfaces. The visible long axes of the boulders do not show a 

strong preferred orientation. Imbrication of the boulders occurs at dispersed locations 

along the pavement. The boulder pavement passes southward into a 0.25 m pebbly 

rich band with isolated cobble clasts, and the majority of clasts also display a 

flattened upper surface. 

 

Overlying the boulder pavement is 1 m of crudely-stratified, normally graded, clast 

rich diamicton (Facies 6) held in a sandy matrix. The top 0.9 m is dominated by 

pebble and cobble gravels (Facies 7) that are arranged in shallow channel features 

that contain infills of inversely to normally graded low angle cross-stratified cobble 

beds. Amalgamated beds are marked either by abrupt textural changes or by shallow 

scours. Openwork cobble clusters are evident. 

 

Interpretation 

The rocky platform at Exposure 2 at Altawinny Bay is a product of marine erosion 

(McCabe, 1995). The ripple drift beds (Goldring, 1971), the wavy beds, the silt 

drapes (Lang et al., 2012), the scour surfaces and burrow traces  (Houmark-Nielsen 

and Funder, 1999) of the basal sandy facies association indicates shallow-water 

sedimentation. The diamicton facies, characterised by a homogeneous silty-sand 

matrix, stacked beds with distinct bounding surfaces, crudely-bedded structures, 

large isolated clasts and fold nose, are typically associated with debris flows (Eyles, 

1987). The presence of crudely stratified, clast rich diamictons with cobbles and 

pebbles are interpreted as high density flows. The boulder pavement is interpreted as 

the product of combined processes of wave and current winnowing, producing a lag 

surface (Gilbert et al., 1984). Lag accumulations are commonly reported from 

shallow-marine areas characterised by smoothed boulder pavements which form as 

onshore-moving seasonal ice abraded boulder-lag surfaces created by winnowing of 

till (Hansom, 1983). The truncation and subsequent channelling of the diamicton 

surface by gravels points to an increase in meltwater output with gravel deposition 

representing high energy flows. The gravels are typical of high density sediment 

suspensions and occupy shallow cross-cutting scour features as a result of multiple 

repeated cut and fill events (Knight, 2003). Rapid textural variability, weak grading 
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patterns and internal organisation within the fills are the result of possible downslope 

transport by mass flow (Postma et al., 1988). The presence of clusters of coarser 

gravels suggest partial turbulent flow and clast freighting (McCabe et al., 1990). 

 

 

9.2.1.3. Exposure 3 

 

Description 

Exposure 3 of Altawinny Bay is 9.4 m long and 3.6 m thick. It comprises three facies 

associations with the exposure displaying an overall coarsening upward sequence 

from silt and sands to cobble gravels (Figure 9.5). The basal facies is a 2.4 m thick 

laterally continuous unit of: 0.2 m of parallel laminated silts, 0.4 m of massive coarse 

sands with granular sand lags occurring along scour surfaces, 0.5 m of planar cross-

bedded coarse sand that display small scale fold noses, 0.1 m of horizontally 

laminated silt disturbed in places by intraformational dish and pillar structures, and 

0.2 m of granule beds with intraclasts of silt capped by 1 m of contorted and 

convoluted laminated silts that grade upwards to horizontal laminae at the top of the 

facies. A sharp planar contact separates the basal facies from the overlying facies 2. 

 

Facies 2 comprises 1.2 m of vertically stacked diamicton interbedded with lenses of 

cobble gravels. The matrix rich diamicton ranges from massive to crudely stratified. 

The gravel lenses within the diamicton are massive and normally graded containing 

subangular to subrounded clasts that are supported in a sandy matrix. The lenses 

have a sharp upper contact and an interbedded lower contact. Facies 2 is truncated 

abruptly along its northern flank by facies 3. 

 

Facies 3 extends downwards from the top of the exposure through to 0.6 m from the 

base, truncating not only the diamictic facies two but also the sandy facies 1. It does 

not grade below modern beach level. It comprises a u-shaped channel, infilled with 

stacked beds of steeply dipping, moderately sorted, clast rich gravels. The gravel 

facies coarsens upwards from clast supported pebble gravels to matrix supported 

cobble gravels with small outsized clasts evident. Clasts are subangular to 

subrounded with a matrix of coarse sand where present.  
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Figure 9.5 Cross-sectional sketch, section log and location map of Exposure 3, Northern Coastline of Donegal. 
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Interpretation 

The massive and graded parallel laminated sand of Exposure 3 of the Northern 

Coastline of Donegal resemble turbidities from meltwater-driven high-density sandy 

flows. The deposition of cross-bedded sands suggests the activation of sediment-rich 

traction currents. The scour surfaces testify to current variability during 

sedimentation. Soft sediment deformation structures include convolute folding and 

dish and pillar structures between sandy and silty bedding, and are indicative of syn-

sedimentary fluidisation and dewatering (Evans and Thomson, 2010). The diamicton 

is texturally variable, showing rapid transition with massive cobble gravel beds. The 

interbedding of matrix-rich gravel and massive diamicton is explained by reference 

to a sediment gravity flow origin (Walker, 1984), reflecting the transformation of 

debris flow into fully turbulent flows, perhaps as a consequence of dilution and/or 

acceleration downslope (Postma, 1986). The gravels of facies 3 record cut and fill, 

and represent a system subject to avulsion and changes in fluid/sediment input. The 

pulsed nature of the system is suggested by a strong erosional channel margin that 

truncates all other facies present at the exposure. The grading patterns, together with 

evidence (outsized clasts) for clast freighting (Postma et al., 1988), suggest 

deposition by mass flow in a channel. The lack of structure in the gravel suggests 

deposition from a high-density flow. Inferred channel axis indicates northwards 

progradation of the channel system. 

 

Depositional Environment 

The overall facies sequences and sediment continua exposed at Altawinny Bay are 

consistent with deposition from debris flow, low and high density flows, soft-

sediment deformation and perhaps tidal-influenced deposition in the form of wave-

reworking. Such processes operated, in part, as a basal efflux with the sediments 

recording variable jet activity. Small distributaries of the jets and/or jet inactivity is 

evident by a switch to deeply incised glaciofluvial meltwater channels recording a 

general palaeoflow to the north. 

 

 

 



Chapter 9  Sedimentology of Northern Coastline 

284 

9.2.2. Ranaghroe Point 

 

Exposures 4 and 5 are located at the most northerly point of Donegal, and indeed the 

island of Ireland, called Ranaghroe Point. Black, weathered bedrock is visible 

buttressing the coastline at this locality. Located just below the light beacon is a 

small vertical cliff section composed of glacigenic sediments, and it is here where 

Exposure 4 and 5 were examined (Plate 9.2). 

 

 

9.2.2.1. Exposure 4 

 

Description 

Exposure 4 is 24 m long and 2.4 m high. The exposure comprises poorly 

consolidated gravels interbedded with diamicton (Figure 9.6). The gravels are clast 

dominated, poorly sorted and crudely stratified cobble gravels. The clasts are 

subangular to subrounded, commonly having b-axes of 20-30 mm but small boulders 

of >0.5 m are also common. Quartzite dominates lithologically (34%) with diorite 

(21%), meta-dolerite (20%), quartz (10%), granite (7%) and an unidentifiable red 

clast (8%) also present. The gravels at the base of the exposure are aligned in 

shallow dipping planar cross-beds with the dip direction towards the north. This 

alignment is disturbed up-sequence with the uppermost 1.7 m of gravel cryoturbated  

Plate 9.2 View towards Raghroe Point from Altnapeaste. Note man on top of cliff section for scale. 
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Figure 9.6 Cross-sectional sketch, section log and location map of Exposure 4, Northern Coastline of Donegal. 
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with numerous vertically orientated clasts and involutions (Appendix D30). The 

vertically aligned gravel forms the bulk of the exposure. The larger clasts are 

fractured and show in situ displacement. The gravels are interbedded with silty or 

sandy diamicton beds. Gravel beds are generally ungraded with reworked tops. The 

diamicton is lensate in cross-section, structurally compact and occupies two very 

small shallow channels, with a flat sharp top and channelled sharp base cut down 

into the gravel complex.  

 

Interpretation 

There is little evidence (such as stratified sands, tightly packed conglomates, 

upward-fining sequence or vertical organisation) to suggest that Exposure 4 of the 

Northern Coastline of Donegal was deposited by stream flow (McCabe et al., 1987). 

The sequence is more typical of a subaqueous mass flow succession with the 

diamicton typical of debris flow activity and the gravels of gravelly, high density 

flows (Lowe, 1982). The presence of outsized clasts within the gravels suggest that 

the sediment froze as a uniform dispersion which still contained some better-buoyed 

larger clasts (Nemec and Steel, 1984). 

 

Post depositional periglacial processes disturbed the gravel unit as demonstrated by 

the vertically disposed clasts and the fracturing and displacement of outsized clasts. 

Frost action alone could cause the reorientation of clast fabric, but the regularity, 

frequency and total thickness of the surficial deposit displaying a macrofabric 

characterised by vertically disposed clasts suggest the presence of at least seasonally 

frozen ground (Renouf and James, 2001). Thus, the vertical alignment of clasts is 

indicative of frost heave. Frost heave is the up-freezing which pushes or pulls clasts 

towards the surface, during which time they rotate to align their long axes with the 

vertical, taking up a position of least resistance (Gurney et al., 1998). 
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9.2.2.2. Exposure 5 

 

Description 

Exposure 5 is 17.5 m long and is 4.5 m at its thickest point. The exposure is split into 

two, with sand dominating to the east and gravel dominating to the west (Figure 9.7). 

Four facies associations are identifiable. 

 

The lowermost facies is dominated by 0.6 m of light grey, stratified, matrix-rich 

diamicton. Discontinuous clast lags and clast clusters (one clast thick) are evident 

with very angular to angular clasts of pebbles stretching out or clustering between 

bedding planes. Dominant lithologies of quartzite (48%), granite (20%), meta-

dolerite (16%), quartz (9%) and diorite (7%) are evident. The matrix is dominated by 

fine to medium sand that is horizontally laminated and grades into boudinaged loamy 

sand towards the west of the exposure. This is underlain by numerous weathered 

corestones of granite and suggests the presence of a weathered bedrock platform not 

far below. A sharp, erosive contact separates this facies with the overlying facies 2. 

 

Facies 2 is 2.1 m thick and consists of crudely stratified orange-brown clast rich 

diamicton. The colour of the facies is derived from the grain coating of the granular 

sand matrix with secondary iron oxides. Stratification is defined by sub-horizontal 

and inclined gravel-filled partings up to 0.5 m thick, composed of openwork angular 

to subangular cobbles and small boulders. The partings can be traced across the 

section for up to 12 m. They become progressively undulatory and form an 

anastomosing network ending with an immature gravelly hook fold observed within 

the diamicton. 

 

Facies 3 comprises 1.3 m of weathered granitic corestones supported in an openwork 

of subrounded pebble to cobble gravels integrated into a honeycomb-like structure 

(Appendix D31). The gravels are generally disorganised. The corestones are of 

boulder size (>1 m in diameter) and possess a variety of shapes from concentric, oval 

and bullet. They show intense physical disintegration with the formation of a 

granular grus. Contact between the gravels and the weathered corestones is sharp.  
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Figure 9.7 Cross-sectional sketch, section log and location map of Exposure 5, Northern Coastline of Donegal. 
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Facies 4 is 0.5 m thick and comprises a dark brown, massive stony diamicton which 

is cryoturbated with numerous subangular cobble clasts vertically orientated in a 

coarse sand matrix. 

 

Interpretation 

Exposure 5 of the Northern Coastline of Donegal records a combination of 

subglacial and ice-marginal deposition. The sedimentary sequence developed on a 

palaeo-surface as evidenced by the weathered granite with corestones at the base of 

the exposure. 

 

Facies 1 is characterised by stratified diamicton imparted by the presence of 

discontinuous pebble lags and pebble clusters, suggesting that initial sediment 

deposition occurred in an ice-marginal setting. This facies contains a range of 

primary sedimentary features including horizontal laminations, laterally impersistent 

bed discontinuities, gravelly lags and clast clusters which are characteristic of mass 

flows (McCabe and Dardis, 1994). 

 

The characteristics of facies 2 suggest that it is the product of subglacial 

deformation. These include: (i) the presence of numerous closely spaced partings, 

which are similar to shear planes; (ii) the up-sequence transition from heavily 

sheared to more massive diamicton, which is consistent with an upward increase in 

cumulative strain within the sediment; (iii) the presence of a hook fold within the 

diamicton, which is interpreted as a product of subglacial shear (Ó Cofaigh et al., 

2011). 

 

Facies 3 is interpreted a soliflucted till consisting of reworked corestones derived 

from a weathered bedrock palaeo-surface with the remobilisation of gravels released 

from the ice margin. It is difficult to establish whether the gravel structures and 

corestones of facies 3 were deposited simultaneously or whether the structure 

reflects the movement of gravelly material through the corestones. There is a general 

tendency for narrow, gravity infills to utilise and enlarge primary bedding structures 

between the corestones. The cobbles have a tendency to cluster along narrow gravel 

strips. This is analogous to clast interlocking on a narrow aperture suggesting that 

coarse sediment migrated through the weathered mass (McCabe and Dardis, 1994). 
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Evolution of Exposure 5 is envisaged to have occurred as a four-stage process with 

initial formation of a stratified sediment pile by ice-marginal sedimentation, 

followed by thrusting of this sediment pile during which the sediment was deformed 

following reworking of the existing sediments. Post depositional periglacial 

processes in the form of frost heave disturbed the uppermost meter of the exposure 

as demonstrated by the vertically disposed clasts. 

 

Depositional Environment 

The sedimentary architecture of Ranaghroe Point appears to be dominated by 

subaqueous mass flow events that are reworked in places and subject to post- 

depositional periglacial processes. 

 

 

9.2.3. Altnapeaste 

 

Altnapeaste is located one kilometre east from Ranaghroe Point. Along the 

backshore cliffs at this location, three exposures (6-8 of the Northern Coastline of 

Donegal) were forensically examined and recorded (Plate 9.3). 

Plate 9.3 View of the exposed backshore cliffs of Altnapeaste above modern beach level looking from 

Ranaghroe Point.  
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9.2.3.1. Exposure 6 

 

Description 

Exposure 6 is 28.5 m long and 4.3 m thick (Figure 9.8). The lowermost 0.4 m is a 

remnant of a horizontal granitic rock platform. The platform consists of consolidated 

blackened weathered growan with a well-planed upper surface above modern beach 

level. Differential weathering has resulted in the platform becoming fretted with 

modern wave attack resulting in the undercutting and development of discontinuous 

notches in the platform. Overlying the basal facies is a 0.5 m stacked, subhorizontal 

bed of predominantly openworked, densely packed gravels that fine upwards. Lying 

on the platform is a coarse well-cemented boulder bed of shape sorting, size sorting 

and crude seawards imbricated clasts. The well-rounded, egg-shaped, predominantly 

quartzite clasts incorporating granitic weathered corestones are supported in a matrix 

of rounded small cobbles and pebbles. This fines upwards to rounded cobbles and 

then to rounded and well rounded pebbles, both of which are openworked. The larger 

clasts are shore parallel (west-east). 

 

Facies 2 comprises 1.6 m of light grey massive diamicton. This consists of 

subangular to subrounded cobble sized clasts set in a coarse sand matrix. Frequent 

outsized boulders are evident. Clast fabric appears to be random. Although this 

facies is generally massive, crudely developed banding occurs and is emphasised by 

very thin (1-3 cm thick) partings of medium-grained sand. 

 

Facies 3 is 0.4 m of light grey stratified diamicton composed of horizontal to planar 

cross-beds 2-5 cm in thickness that are matrix-to-clast supported. Clasts are 

predominantly pebble grade and show a preferred orientation subparallel to the 

major bedding planes. Large, isolated clasts parallel the bedding planes and project 

above succeeding beds. Interbedded through the diamicton are brightly coloured, 

small, discontinuous, yellow fine-grained sand stringers. 

 

Facies 4 is 0.5 m of stacked clast rich, poorly sorted cobble gravels. Overlying a 

sharp contact is facies 5 which is 0.9 m of massive diamicton with interbeds of  
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Figure 9.8 Cross-sectional sketch, section log and location map of Exposure 6, Northern Coastline of Donegal. 
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gravel and sand. It is characterised by stacking of beds, rapid vertical changes in 

texture, fold noses, numerous sandy streaks and lenses, outsized clasts, discontinuous 

lenses of massive pebble to cobble gravels and crude parting laminae. The diamicton 

is cut discordantly by a cell of openwork, subrounded cobble gravels which cut into 

the underlying diamicton, appearing as a dish- or semicircular shape in cross-section 

with the margins marked by a sharp erosional contact. The cell is 0.6 m thick and 1 

m in diameter and shows normal grading of the gravels. 

 

Interpretation 

The sedimentary sequence of Exposure 6 developed on a palaeo-surface as 

evidenced by the weathered growan platform at the base of the exposure. The 

characteristics of the basal gravel facies with its shape sorting, size sorting and crude 

seawards imbrication, as described above, is consistent with those reported by 

previous workers for raised beaches (e.g. Stephens and Synge, 1957; Mitchell, 1970, 

1992; Scourse and Furze, 2001; Renouf and James, 2001) 

 

The massive diamicton of facies 3 is interpreted as a cohesive debris flow with the 

overlying stratified diamicton reflecting sheetflow of debris with clast freighting 

(McCabe et al., 1984). Differences in the diamicton simply reflect varying lengths of 

transport and amount of winnowing, which is expected within a continuum of debris 

flows (Lowe, 1982). Identical clast types and shapes indicate a common source and 

length of time in transportation for both facies. The presence of sand stringers 

through the diamicton are the result of intermittent current reworking (Eyles et al., 

1985). 

 

The overlying gravels of facies 4 are interpreted as high density, gravelly debris-

flows (Walker, 1977). The stacked nature of the beds suggest that deposition 

occurred as a series of pulses. It is suggested that gravels of this type are transported 

near the bed within a highly concentrated traction carpet and in suspension in the 

lower part of the flow (Aalso, 1976). Deposition involves a loss of flow velocity, 

freezing of the traction carpet and direct deposition of the coarser suspended gravel 

(Walker, 1977). Deposits of this type are deposited en masse from basal dispersions 

in which there were strong grain interaction and high dispersive pressures (McCabe 

et al., 1984). 
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Facies 5 is characterised by the interbedding of diamicton, sand and gravel. Rounded 

clasts within closely associated diamicton beds suggest some degree of 

resedimentation (McCabe, 1986). The small fold noses, sand lenses, stone lags and 

flow stratification most likely resulted from resedimentation and intermittent traction 

current activity. 

 

The juxtaposition of the facies associations of Exposure 6 can be explained by the 

interaction of outwash processes, current reworking and debris flows in an ice-

proximal environment where rapid process changes would correlate to changing 

meltwater and sediment input. 

 

 

9.2.3.2. Exposure 7 

 

Description 

Exposure 7 of the Northern Coastline of Donegal located at Altnapeaste is 27.5 m 

long and 6.8 m thick (Figure 9.9). The lowermost 1.8 m comprises unconsolidated, 

imbricated, densely packed gravels stacked in horizontal and subhorizontal beds. The 

gravels are: i) well rounded, composed mostly of local quartzite with occasional 

weathered granite clasts, and ii) size and shape sorted with inverse grading evident 

beginning with openwork small pebble gravels which extend below modern beach 

level and coarsen upwards to cobble gravels and then to boulder gravels that are 

supported in a well-sorted sandy silt matrix. The long axis of large boulders are 

shore parallel from west-east. Such gravels are laterally extensive (for 1.2 km), vary 

little in both height and texture and are completely lacking any faunal remains. 

 

The gravel facies is overlain and interdigitate with 5 m of grey, homogenised, 

massive, consolidated, poorly sorted, matrix-supported diamicton that has dispersed 

facetted and striated clasts of subangular to subrounded cobbles supported in a fine 

to medium sand matrix. Two outsized clasts (<0.5 m ) are observed.  
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Figure 9.9 Cross-sectional sketch, section log and location map of Exposure 7, Northern Coastline of Donegal. 
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Interpretation 

The rounded nature of the clasts of the basal facies at Exposure 7, their 

predominantly clast-supported structure, the well-sorted and leptokurtic character of 

the grain-size distribution, and the restricted altitudinal range of this facies supports 

its interpretation as a raised beach (Scourse, 1991). The unfossiliferous nature of the 

raised beach at Altnapeaste may imply that the beach was accreted under cold 

palaeo-environmental conditions. The diamicton of facies 2 is interpreted as a 

subglacial till based on sediment compaction, textural homogeneity, fine-grained 

matrix, clast abundance, degree of curvature of clasts and the fact that the clasts are 

striated and faceted with a well-oriented clast fabric (Benn and Evans, 1998). 

 

Note 

A break occurs in the seaward facing coastal cliff sections between Exposure 7 and 

Exposure 8 (Plate 9.4). This gap is plugged with granite bedrock. The bedrock stands 

>4 m above the modern beach with its base obscured by the rounded cobbles and 

boulders of the modern beach. The bedrock itself has been rounded, smoothed and 

polished. The surface of the bedrock possesses an undulatory profile with shallow 

subparallel furrows incised into it. The furrows are closely spaced and appear to be 

unrelated to either the joint pattern or other structural weaknesses of the bedrock 

(Plate 9.5). 

 

The polished appearance of the rock platform, its roundness and its morphology, 

including the undulatory pitted long profile, suggests it was shaped by water flow 

(Knight, 2009). The close spacing of the furrows and incision across the topographic 

highs, disregarding the bedrock structure, required the presence of a bounding 

medium to maintain separate flows sufficiently long for incision to have developed 

(McCabe and Ó Cofaigh, 1996). It therefore reflects the cutting action of subglacial 

meltwater and such trimmed rock platforms are similar to those observed along the 

south coast of Ireland (McCabe and Ó Cofaigh, 1996). Similar features are 

commonly found on bedrock surfaces in other areas of Donegal e.g. Gweebarra Bay 

and reflects part of a succession of glacigenic events that highlights the inter-

relationships between subglacial hydraulic regimes and patterns of substrate erosion 

(Knight, 2009). 
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Plate 9.4 Smoothed and polished granite bedrock that outcrops in a gap in the coastal cliffs between 

Exposure 7 and 8 of the Northern Coastline of Donegal. 

 

Plate 9.5 Shallow subparallel closely spaced furrows incised into the granite bedrock that outcrops in 

a gap in the coastal cliffs between Exposure 7 and 8 of the Northern Coastline of Donegal. 

 



Chapter 9  Sedimentology of Northern Coastline 

298 

9.2.3.3. Exposure 8 

 

Description 

Exposure 8 of the Northern Coastline of Donegal located at Altnapeaste is 15 m long 

and 10.5 m thick (Figure 9.10). The basal 0.4 m consists of a raised horizontal 

bedrock platform that is deeply weathered. The platform consists of consolidated 

blackened weathered growan with a well-planed upper surface above modern beach 

level. 

 

The eroded rock platform is overlain by 2.1 m of stacked, horizontal to gently 

seaward-dipping beds of oxidised and variably sorted, clast-supported gravels. The 

gravels are predominantly boulder in size (0.8-1 m in diameter), round to well 

rounded in shape, are of mixed provenance, include local petrographies and erratic 

clasts with weathered granitic clasts also present, and are supported in a granular 

sand and fine pebble gravel matrix. Faunal remains are not found in this facies. 

 

A sharp erosional contact separates this facies from the overlying facies 2. This 

comprises 0.2 m of oxidised, indurated, well sorted, horizontally laminated silt and 

sand. Overlying a sharp contact, facies 3 consists of 1 m of alternating horizontal 

beds of fine to medium sand and pebble gravels. Sand beds range in thickness from 5 

to 25 cm. Gravels are predominantly pebble-sized and consist of just one-clast-thick 

layers within the sand. The pebble clasts are well rounded, composed mostly of local 

quartzite, are shape and size sorted and are supported in a pebbly silty sand.  

 

Overlying a conformable contact is facies 4. This consists of 1-1.2 m of crudely-

stratified matrix supported diamicton. The stratiform beds are thin (usually only one 

clast thick) and are conformably interbedded with sands and laminated silts. Clast 

size is restricted to subangular to subrounded pebble gravels. This facies grades 

upwards into massive, poorly sorted, matrix supported diamicton of facies 5. This 

contains striated and faceted clasts with clast shapes ranging from subrounded to 

subangular and held in a sandy silt matrix. Localised folding and crude bedding 

which dips downslope is observed. Texturally the diamicton is internally variable, 

ranging from matrix-dominated to much coarser rubbly zones. 
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Figure 9.10 Cross-sectional sketch, section log and location map of Exposure 8, Northern Coastline of Donegal. 
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Interpretation 

Owing to the degree of weathering and modification of the bedrock platform at the 

base of Exposure 8 of the Northern Coastline of Donegal, it is interpreted as a wave-

cut palaeo-surface which was subsequently buried by raised beach gravels of facies 

1. The characteristics of the facies 1 with its shape sorting, size sorting and crude 

seawards imbrication, as described above, is consistent with those reported by 

previous workers for raised beaches (e.g. Stephens and Synge, 1957; Mitchell, 1970, 

1992; Scourse and Furze, 2001; Renouf and James, 2001) formed during a period of 

high relative sea level. The indurated, well sorted, horizontally laminated silt and 

sand of facies 2 indicates waning lower-stage flow conditions and deposition from 

low-density turbulent currents (Kneller and Branney, 1995). The capping of this 

facies by horizontally bedded sands and pebble gravels suggest an upper beachface 

origin for this deposit on the basis of their well sorted texture, horizontal to sub-

horizontal bedding, shape sorting of gravel clasts, and presence of pebble lines one-

clast thick within the sands (Ó Cofaigh et al., 2010). The crudely bedded diamicton 

is interpreted as a product of cohesive debris flow activity based on the absence of 

grading (indicating the relative short transport distances), sandy horizons and abrupt 

textural variability (Eyles et al., 1988). The capping of the exposure by massive 

matrix-supported diamicton suggests it is glacigenic in origin based on the presence 

of striated and faceted clast. However, the crude bedding and locally rubbly zones 

and textural variation suggest this may have undergone local downslope 

resedimentation (Ó Cofaigh et al., 2010). 

 

Depositional Environment 

Exposure 6 to 8 of the Northern Coastline of Donegal record stable relative sea 

levels as evidenced by the marine cut rock platform and the raised beach formation. 

The unfossiliferous nature of the raised beach implies that the beach environment 

accreted under cold conditions. A continuum of debris flows cap the raised beach 

deposit and perhaps reflect a fall in relative sea level. The moulding, sculpting and 

polishing of bedrock reflects subglacial meltwater erosion beneath the ice sheet. The 

downslope resedimentation of till either from the ice or local slopes played an 

important role in the sediment accumulation along the coast at Altnapeaste. 
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9.2.4. Currans Port 

 

Exposures 9 to 11 are located at Currans Port, just 1.5 km east of Altnapeaste. 

Currans Port is a natural embayment protected from the high wave energies of the 

North Atlantic by the surrounding headland. The beach is characteristically coarse, 

composed of well rounded boulders and cobbles that buttress the backshore cliffs 

where glacigenic sediments are exposed. 

 

 

9.2.4.1. Exposure 9 

 

Description 

Exposure 9 is 8.5 m long and 5.4 m thick (Figure 9.11). The basal 0.4 m comprises 

numerous blackened weathered corestones, small boulder in size, rounded to well 

rounded in shape with a well-planed upper surface, aligned sub-parallel to the 

shoreline, that are supported in a silty matrix and are stained orange by iron oxide. 

Overlying this weathered horizon is a light grey, massive, overconsolidated, matrix-

supported diamicton that is up to 5 m thick with a silty-sandy texture which becomes 

increasingly sandy up-sequence. The contact between the weathered horizon and the 

diamicton is loaded and interbedded. The diamicton contains a moderate distribution 

of predominantly subangular to subrounded clasts, some of which are striated. The 

principal lithologies are granite (35%), quartzite (30%), meta-dolerite (15%), quartz 

(19%) and diorite (1%). The basal 1 m of the diamicton exhibits occasional concave-

up shears and folded rafts of the underlying weathered horizon. The diamicton is 

overlain by 0.5 m of stratified, poorly sorted, pebbly sand. 

 

Interpretation 

The assemblage of features at Exposure 9 of the Northern Coastline suggest the 

weathered horizon is a palaeo-bedrock platform. The diamicton is interpreted as a 

subglacial till based on sediment compaction, textural homogeneity, fine-grained 

matrix, clast abundance, degree of curvature of clasts and the fact the clasts are 
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Figure 9.11 Cross-sectional sketch, section log and location map of Exposure 9, Northern Coastline of Donegal. 
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striated (Benn and Evans, 1998). The rafts in the till reflect the shearing process 

which incorporated the corestone from the underlying weathered platform. The 

capping of the exposure by poorly sorted, pebbly sand suggests emplacement by 

mass flows following deposition of the subglacial till by the overriding ice sheet. 

 

 

9.2.4.1. Exposure 10 

 

Description 

Exposure 10 is 46 m long and is 7.8 m thick and highly variable in composition. The 

basal member comprises moderately sorted, openwork, subangular to subrounded, 

horizontally bedded cobble gravels. Weak clast imbrication is observed with clast 

sorting predominantly reverse. Principal lithologies of quartzite (40%), meta-dolerite 

(25%), granite (10%), quartz (18%) and diorite (7%) are evident. Thickness is 

limited to 0.5 m with modern beach gravels obscuring the base of this facies (Figure 

9.12). 

 

Overlying a sharp contact is a 1.75 m thick facies of stacked beds dipping at low 

angles (10-20 cm thick) that comprise poorly sorted and variable admixtures of 

subangular to subrounded cobbles, pebbles and granules which are interbedded with 

thin (5-10 cm thick) sand beds. The gravels of facies 2 are mainly clast-supported. 

The sands are generally fine to medium grained and parallel-laminated with 

observed upright folds. Bed junctions between the gravel and sand are marked by 

convoluted sand beds where the sands become anticlinally arched over the larger 

clasts. This facies grades laterally over 0.4 m into facies 3 which is a 2 m unit of 

planar cross-bedded medium to coarse sand that steeply dips to the northwest. 

Occasional dispersed pebbles occur within the sands, sometimes as isolated clasts 

but mostly arranged in lines one-clast thick that dip to the northwest. A conformable 

contact separates this facies from the overlying facies 4. 
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Figure 9.12 Cross-sectional sketch, section log and location map of Exposure 10, Northern Coastline of Donegal. 
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Facies 4 is a 1 m thick unit of massive to matrix-supported gravels. Clasts are 

predominantly cobble size and are subangular in shape supported in a coarse sand 

matrix. Facies 5 is a 1.3 m unit of matrix-supported diamicton. The diamicton is 

principally crudely stratified, but passes northwards into a more massive diamicton. 

Stratification is in the form of frequent discontinuous interbeds or lenses of matrix-

supported to massive cobble gravels, one to two clast thick, and poorly sorted 

gravelly sand stringers. 

 

The top of the exposure comprises 3 m of clast rich, crudely planar cross-bedded, 

imbricated, inversely graded cobble gravels. Clasts are subrounded and supported by 

a pebble gravel matrix. Openwork clustering is observed. Clast orientation is highly 

variable. The vertical and lateral continuity of this facies is interrupted by a 0.3 m 

lense of hummocky cross-stratified sands. 

 

Interpretation 

The gravel facies associations of Exposure 10 display characteristics typical of ice-

proximal subaqueous outwash (Powell, 1990; 2003). These include: stratified sands 

and gravels, rapid vertical grain size changes from silty sands to matrix-supported 

gravels, lateral grading into cross-laminated sands, and small-scale syn-depositional 

disturbance manifested in localised upright folds. The crudely stratified matrix-

supported diamicton of facies 5 containing discontinuous lenses of matrix-supported 

to massive gravel and poorly sorted gravelly sand stringers reveal deposition by 

subaqueous debris flows interbedded with lenses of winnowed lag gravels and 

coarse-grained suspension deposits (Mulder and Alexander, 2001). Each facies 

exposed has been deposited as shallow dipping units reflecting foreset bedding. The 

vertical and lateral stacking of the foresets likely record the progradation of a fan by 

sediment gravity flow processes in a glacier-proximal depositional setting. 

 

 

9.2.4.2. Exposure 11 

Description 

Exposure 11 of the Northern Coastline of Donegal is located within a small 

embayment, 0.5 km from the port of Curran. The exposure is perpendicular to the 
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shore, is 35 m long and 5 m thick. It is characteristically coarse grained with cobble 

gravels dominating (Figure 9.13). Five facies associations are identifiable based on 

sediment geometry, textural contrasts and dominant sedimentary structures. 

 

The basal facies is 1.9 m thick and consists of a massive and ungraded matrix- to 

clast-supported diamicton that shows a wide range of clast concentrations, 

orientations and sizes. A crude stratification is imparted to the diamicton as a result 

of the superimposition of frequent discontinuous intrabeds of matrix-supported to 

massive gravels, one to two clast thick set in a matrix of granules and sand with clast 

shape, size and composition identical to the overlying gravel facies. The diamicton 

appears to be conformable and have a sheet-like geometry. 

 

A diffusive boundary separates the basal facies from the overlying facies 2. This 

comprises a gravel facies consisting of a shallow channel (30 m across, 3.1 m deep) 

identified on the basis of well-defined margins, sand junctions and size contrasts of 

clasts between infills. Four main channel infill types occur: i) the lower portion of 

the channel is infilled by stacked beds of normally graded cobble gravels with 

subordinate amounts of sand and pebbly gravels. The gravels are clast-supported. 

Clast shape varies from subangular to subrounded with the occasional striated clasts 

present. Clasts are of local derivations and consist of quartzite (45%), meta-dolerite 

(21%), diorite (15%), granite (10%), quartz (7%) and porphyry (2%). The upper 

surface of this facies is cut by an undulatory erosional contact, ii) overlying the 

gravels is a sand facies association that drapes the upper gravel surface and infills 

any irregularities up to a depth of 0.5 m. The sand is massive, medium to coarse 

grained, normally graded and is disturbed by small scale fold structures and localised 

contorted bedding, iii) the middle of the channel is dominated by massive diamicton 

interbedded with cross-stratified medium sands and cobble gravels organised in 

clinoforms. It is characterised by the stacking of beds, rapid vertical changes in 

texture, numerous thick sandy lenses (up to 0.4 m thick), outsized clasts, 

discontinuous lenses of massive pebble to cobble gravels and crude parting laminae, 

and iv) the top of the channel consists of openwork, normal and inversely graded 

cobble gravel beds, 0.25- 0.5 m in thickness, appearing as a dish- or semicircular 

shape in cross-section with the margins marked by a sharp erosional contact. 
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Figure 9.13 Cross-sectional sketch, section log and location map of Exposure 11, Northern Coastline of Donegal. 
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Interpretation 

The degree of interbedding and stratification of the diamicton of the basal facies of 

Exposure 11 suggests a mass flow origin. It represents a stacked sequences of 

subaqueous debris flows interbedded with lenses of winnowed lag gravels and 

coarse-grained suspension deposits (Mulder and Alexander, 2001). This is based on 

the interbeds of matrix-supported gravel and clast-supported diamicton, and the 

discontinuous lenses of massive gravel and laminated sands indicative of subaqueous 

traction currents. Textural variability of the flows is dependent on the rate and type 

of debris released from the ice margin, distances travelled and degree of winnowing 

(Lowe, 1982). 

 

The channel records a cut and fill sequence that graded to a sea level similar to 

present. It represents a system subject to avulsion and changes in fluid/sediment 

input. The pulsed nature of the system is recorded by strong erosional channel 

margins, abrupt bed contacts, abrupt clast size changes and sand draping within 

channel fills (McCabe et al., 2005). The gravel facies is indicative of high-density 

sediment flows. The sand facies infers turbidity currents and sediment-gravity flows 

of low to intermediate viscosity while the interfingering of diamicton, gravel and 

sand suggest some degree of resedimentation (McCabe, 1986). This is shown by 

sand lenses, gravel lags and flow stratification most likely resulting from 

resedimentation and intermittent traction current activity. Such processes typically 

operated when the ice had vacated the site, with textural variability reflecting 

continuously changing transport mechanisms (Powell, 1984). 

 

The diamicton is interpreted as a debris flow which came off local slopes into 

shallow water. This reflects the possible emergence of the land surface that was later 

incised by a meltwater channel comprised of varying degrees of interbedded sand 

and gravel deposited as subaqueous outwash, reflecting the transfer of debris to the 

ice margin. 

 

Depositional Environment 

The overall sedimentary stratigraphy of Currans Port reflects debris flow processes 

operating in a shallow water environment that was later incised by a meltwater 

channel.  
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9.2.5. Carn na Máilleach 

 

Carn na Máilleach contains the most easterly cliff exposure of the north-western 

coastline of Donegal. Located just east of the exposure is Dooey Peninsula. This 

peninsula acts as the easterly boundary of the research area. The peninsula contains 

extensive mud flats and sand dunes and is in stark contrast to the bouldery beach of 

Carn na Máilleach where outcrops of pelitic schist bedrock are visible at low tide. A 

pier has been developed at Carn na Máilleach that services sailing and sea angling as 

well as the Tory Island ferry. Much of the cliff sections at Carn na Máilleach are 

slumped and collapsed, leaving only one exposure suitable for sedimentary analysis. 

The most striking feature of Carn na Máilleach is the large erratic boulder, 6.8 m 

long and 4.2 m high, located in front of the exposure, as seen in Plate 9.5. 

 

 

9.2.5.1. Exposure 12 

 

Description 

Exposure 12 of the Northern Coastline of Donegal is 4.8 m long and 3.8 m thick 

(Figure 9.14). The basal facies comprises 2.9 m of massive and ungraded, clast rich 

diamicton. This consists of subangular to subrounded cobble sized clasts set in a 

granule sand to pebble gravel matrix. Quartzite dominates petrographically. The 

larger clasts are fractured and show in situ displacement with in situ weathering of 

certain clasts also present. Clast fabric appears to be random. Although this facies is 

generally massive, crudely developed banding occurs and is emphasised by very thin 

(1-3 cm thick) partings of coarse-grained sand. The top 0.9 m of this exposure 

comprises a light grey, firm, compact, moderately consolidated, poorly sorted, 

matrix-supported diamicton. Clasts are subangular to subrounded predominantly 

cobble in size and held in fine sand. Larger faceted and striated clasts are present. 

The diamicton contains a large component (53%) of locally derived quartzite 

bedrock with granite (13%), diorite (19%), quartz (10%), meta-dolerite (4%) and 

porphyry (1%) clasts also present. Shear foliations are continuous (up to 0.3 m long) 

and are parallel with the ground surface. 
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Plate 9.6 An erratic boulder that have been transported and deposited by glaciers at Carn na 

Máilleach. 

 

Interpretation 

The massive clast rich diamicton of Exposure 12 is interpreted as the product of high 

density flows, with the presence of sand lenses through the diamicton interpreted as 

the result of intermittent current reworking (Eyles et al., 1985). The diamicton of 

facies 2 is interpreted as a subglacial till as it is firm, compact, consolidated and 

within fine-grained matrix, with clast abundance and fissile partings reflecting 

shears. The shears are related to the stress applied by the moving glacier and are 

laterally consistent throughout the exposure. 

 

 

9.3. Summary 

 

The glacial geology of the Northern Coastline comprises a distinct stratigraphy 

relating to high relative sea level, subglacial deposition, meltwater sediments 

resulting from subaquatic discharge at the ice margin and glaciofluvial 

sedimentation. 
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Figure 9.14 Cross-sectional sketch, section log and location map of Exposure 12, Northern Coastline of Donegal. 
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Quaternary successions along the Northern Coastline commonly rest on a wave-cut 

platform that rises inland to a buried bedrock cliff. Overlying the shore platform is a 

raised beach that is evident from Altnapeaste to Currans Port. The raised beach and 

overlying wave-influenced shallow marine sands are associated with high relative 

sea levels and marine transgression.  

 

Coastal submergence is followed by subglacial deposition. Overlying the beach is a 

patchy record of subglacial till that records ice sheet advance onto the coast of NW 

Donegal as it moved offshore. This till is relatively thin with later ice marginal 

activity resulting in its cannibalization and incorporation into overlying till 

sequences. Connected to this northwestward ice flow pattern is polished and rounded 

bedrock and subglacial meltwater furrows located at Altnapeaste. 

 

The inflow of subglacial meltwater supply to the ice margin resulted in the 

deposition of subaqueous outwash, stacked sequences of subaqueous debris flows 

with winnowed lag gravels and coarse-grained suspension deposits. Such deposits 

indicate sedimentation in and around sequences of small grounding line fans that 

prograded at various points along the ice margin. Small-scale oscillations of the 

margin into the ice-contact faces of the fans is recorded by glaciotectonic structures 

and hydrofracture fills. Associated with fans is a high-energy subaqueous jet efflux 

that supplied significant quantities of glacigenic debris to the subaqueous 

environment from subglacial meltwater portals at Altawinny Bay. 

 

Glaciofluvial incision and channel filling is recorded along the coastline and is 

associated with remobilised fluvial outwash that was directed by the undulatory 

topography of abandoned ice-contact depo-centres. Periglacial conditions persisted 

during the accumulation of glaciofluvial material with several sites containing clear 

evidence of frost heave. 

 

The sediments exposed in the four areas studied in detail have been described and 

interpreted in the last four chapters, totalling an investigation of fifty sites. The 

sediments were generally exposed in gravel pits, illegal dumps, along the coastline or 

in river banks where deposits ranged from stratified sediments of well sorted sands 

and gravels to massive diamictons. 
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10. Chapter 10. CHRONOLOGY  

 

10.1. Introduction 

 

The former Irish Ice Sheet existed in a climatically sensitive region of the North 

Atlantic. As a result, it is believed that its margins may have responded to short-lived 

climatic variations that punctuated the last deglacial cycle (McCabe and Clark, 

1998). In order to: i) partition evidence for glacial cycles, ii) investigate the rate of 

dynamic ice sheet behaviour, and iii) link these to external controlling factors, it is 

necessary to establish an ice sheet chronology. The research conducted for this thesis 

represents the first attempt in Ireland to apply a combination of Terrestrial 

Cosmogenic Nuclide (
10

Be) dating and Schmidt hammer relative-age dating to 

constrain the ice sheet’s chronology in NW Donegal. 

 

 

10.2. Terrestrial Cosmogenic Nuclide: An 

Absolute Dating Study 

 

The principles of surface exposure dating using cosmogenic nuclides are summarised 

in Noller et al. (2000), Gosse and Phillips (2001) and Walker (2005). One sample 

from an erratic granitic boulder (Plate 10.1) on Árainn Mhór Island off the northwest 

coast of Donegal was collected (Figure 10.1) for cosmogenic 
10

Be analysis following 

the procedure outlined in Chapter 3. Sample location and sample characteristics are 

shown in Table 10.1. 

 

The results in Table 10.2 show the 
10

Be exposure age calculated using the global 

production rate assuming scenarios with (i) no erosion, and (ii) an average erosion of 

1 mm ka
-1 

according to Balco et al. (2008). The sampled erratic boulder shows an  
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Plate 10.1 View of the sampled erratic boulder for Cosmogenic Nuclide Dating. Note person of 1.7 m 

for scale. 

Figure 10.1 Map showing the location, marked in red, where a sample was taken for Cosmogenic 

Nuclide Dating.  
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Table 10.1 Summary of cosmogenic nuclide data from Árainn Mhór Island, NW Donegal. 
a
Calculated using the CRONUS online calculator. 

b
Calculated using a rock density 

of 2.65 g cm
-3

 and an effective attenuation length of 160 g cm
-2

 for neutron-induced spallation. 
c
Constant (time-invariant) local production rate based on Lal (1991) and Stone 

(2000). A sea-level, high-latitude value of 4.49 ± 0.39 atoms g
-1

a
-1 

was used. 
d
Constant (time-invariant) local production rate based on (Heisinger et al., 2002a,b). 

 

 

Table 10.2 Analytical data and exposure age for cosmogenic sample from Árainn Mhór Island, NW Donegal. 
a
Scaling taken from 

CRONUS online calculator (http://hess.ess.washington.edu/; Balco et al., 2008). Wrapper script v2.2, main calculator v2.1, 

constants v2.2.1, muons v1.1. 
b
Analytical uncertainty calculated using CRONUS calculator for Lm scaling. 

c
Exposure age 

expressed with internal and external uncertainties (±1σ).
 d

Analytical uncertainty calculated using CRONUS calculator for Du 

scaling. 
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exposure age ranging from 18.7 ± 2.0 ka to 19.8 ± 2.5 ka with a small analytical 

error. This age represents the time of deposition and therefore the commencement of 

cosmogenic nuclide accumulation. 

 

The facetted and abraded granite erratic sampled for cosmogenic nuclide dating was 

transported glacially to its current position on Árainn Mhór and yields a post-LGM, 

(26-21 ka, when sea levels began to rise as a result of reduction in global ice volume 

(Peltier and Fairbanks, 2006)), exposure age suggestive of the timing of deglaciation 

of the island. The date infers both an offshore extension of the last ice sheet at LGM 

and delimits a minimum altitude achieved by LGM ice to 132 m a.s.l. The exposure 

age also provides conclusive evidence for no subsequent readvance of ice across the 

area. However, more detailed inferences regarding the limit and chronology of the 

last ice sheet in NW Donegal requires a larger sample dataset and a more focused 

sampling strategy than is hitherto adopted, with multiple ages for individual sites. 

 

 

10.3. Schmidt Hammer: A Relative Dating Study 

 

The Schmidt hammer method is used to quantify the degree of rock weathering and 

in doing so it is utilised as a relative dating tool to provide a chronology for the 

glacial landscape of the study area. The principles of surface exposure dating using 

the Schmidt hammer are summarised in McCarroll (1989), Goudie (2006), and 

Winkler (2009). Measurements were carried out on samples of 163 boulders 

occurring at 32 sites ranging in altitude from 3-401 m a.s.l. following the sampling 

procedures outlined in Chapter 3. A control point was established where Schmidt 

hammer measurements were taken and compared with a surface of known age 

provided from cosmogenic nuclide dating (Figure 10.2). None of the Schmidt 

hammer samples needed to be excluded for methodological reasons. Results of the 

Schmidt hammer measurements are summarised in Table 10.3. Frequency 

distribution of mean R-values is shown in Figure 10.3. 

 

The average R-value for the glacial landscape of NW Donegal is 49.03 with the 

mean R-value of the 32 sites ranging from 27.78-60.61. R-values for fresh granite 
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reaches 50-60 (Goudie, 2006) and may exceptionally exceed 70 (Katz et al., 2000) 

with low R-values (≤ 35) representing strongly weathered outcrops and higher values 

(>50) inferring weakly weathered outcrops (Cerna and Engel, 2011). For Schmidt 

hammer measurements from NW Donegal, an R-value of 77.3 is the upper limit of 

local granite hardness. 28% of the Schmidt hammer measurements occur in the mean 

R-value range of 35.1-40.0; 16% occur between 40.1-45.0 and 50.1-55.0; 13% 

between 30.1-35.0; 9% between 25.1-30.0 and 55.1-60.0; while only 3% of the sites 

where Schmidt hammer measurements were taken has a resulting mean R-value 

ranging between 60.1-65.0. No geographical patterns emerge from the 

measurements, reflecting a lack of evidence for distinct weathering zones in the 

study area. However, the results indicate that elevation change is accompanied by a 

coincident change in mean R-values. 

 

A negative correlation exists between R-values and altitude. Higher mean R-values 

are located at lower altitudes and lower values are characteristic for erratic boulders 

situated above an altitudinal limit of 150 m a.s.l. Plotting the mean readings for all 

sites against altitude reveals a consistent altitudinal trend (Figure 10.4). The median 

R-value for all sites located below 150 m a.s.l. is 42, whereas that for above 150 m 

a.s.l. is 34 and an analysis using the Kolmogorov-Smirnov test confirms a significant 

difference between the sites at p < 0.01 (See Figure 10.5 and 10.6 for frequency plots 

above and below 150 m a.s.l.). 

 

It follows then that the lower mean R-values recorded at high elevation, the greater 

the weathering that occurred and/or the longer the boulders have been exposed 

therefore the older the surface is. This implies that such low R-value sites, i.e. those 

located on Tievealehid and Cronalagh Mountain, were exposed first becoming ice-

free earlier than any other site in the study area, assuming identical weathering and 

conditions at all sites. However, the possible influence of increased climatic severity 

at higher altitudes must be taken into consideration and therefore this interpretation 

should be treated with caution. 
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Figure 10.2 Maps showing the location and range of Schmidt hammer measurements for NW Donegal. Map (a) shows the two sample locations; map (b) shows the 

distribution of samples on Árainn Mhór Island and map (c) shows Schmidt hammer measurements for the mainland. Coloured number corresponds to the sample number and 

the mean R-value class as per Table 10.3. 
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Table 10.3 Results of Schmidt hammer measurements on erratic boulder surfaces of granite rock in 

NW Donegal. Standard deviation in a 95% confidence interval was calculated, after Winkler (2000). 
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Figure 10.3 Frequency distribution of mean R-values for the study area. 

Figure 10.4 Mean R-values versus altitude for Schmidt hammer measurements for NW Donegal. 
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Figure 10.5 Schmidt hammer mean R-values below 150 m a.s.l. for NW Donegal. 

Figure 10.6 Schmidt hammer mean R-values above 150 m a.s.l. for the study area. 



Chapter 10  Chronology 

322 

It is worth noting the near-normal distribution of mean R-values for altitudes <150 m 

a.s.l., implying the Schmidt hammer has successfully recorded a range of R-values 

for the study area. A selection of surface ages can be proposed. Using the control 

point to cross reference, it has been established that a mean R-value of 38.53 equals 

an exposure age of 18.7 ± 2.0 ka to 19.8 ± 2.5 ka as per Cosmogenic Nuclide dating 

results. Applying this suggests that one site, located on Árainn Mhór Island, falls into 

the lowest mean R-value range, indicating the oldest exposure age for the study area. 

It can be inferred that the relative age of this site suggests that Árainn Mhór Island 

was associated with an LGM ice margin and that the island was deglaciated before 

the mainland. It can also be observed that a further two sites possess an exposure age 

younger than the control point but older than the site on Árainn Mhór. Such sites are 

located at opposing ends of the study area (Meenanillar and Doire Chonaire). From a 

glaciological point of view this makes little sense and therefore the results may be 

attributed to factors other than altitude that may have influenced R-values such as 

rock discontinuities. These measurements confirm that the Schmidt hammer is 

highly sensitive to rock discontinuities, as noted by Goudie (2006). 

 

 

10.4. Summary 

 

This research has proven an offshore extension of the Irish Ice Sheet at LGM from 

NW Donegal and has constrained retreat of that ice margin from the continental shelf 

edge to the coastline of the study area by 18.7–19.8 cal ka BP. On the basis of 

Schmidt Hammer relative ages, no strongly consistent spatial pattern emerges 

indicating a synchronous ice retreat onshore across the study area. 

 

The multi-proxy approach applied in this thesis has proven: i) the possibility of 

building up age calibration curves that have at least a local validity and ii) it can be 

used to strengthen/weaken numerical ages providing some level of verification in 

cases of doubt. Such findings from a first attempt, as in this research, are promising 

and should be considered as a viable combination of techniques for the investigation 

of glacier chronologies. 
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However, the adequacy of the sample size for this research (one cosmogenic date 

and 32 sites for Schmidt hammer dating) has proven to be lacking, preventing the 

effective differentiation of depositional episodes in the study area. As the first study 

in Ireland to combine the application of relative and numerical dating techniques, it 

has shown the importance of due consideration on the sample size. This important 

finding underpins the success of the techniques as a large dataset will test accuracy 

and temporal limits of the tools, especially the Schmidt hammer, making it 

imperative for any future study of this kind. 
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11. Chapter 11. ICE SHEET 

RECONSTRUCTION 

 

11.1. Introduction 

 

The aim of this research is to reconstruct the last Irish Ice Sheet in NW Donegal. 

This has incorporated a full documentation of the geomorphic record (Chapter 4 and 

5), a widespread knowledge of the glacial stratigraphy and sedimentology (Chapter 

6-9) and a range of chronological information (Chapter 10) with which to constrain 

the reconstruction. The major findings of each of these categories will be discussed 

in this chapter followed by proposed ice models for NW Donegal. 

 

 

11.2. The Geomorphic Record 

 

The geomorphic record was examined at a range of scales to glean as much 

information as possible in terms of the character and behaviour of the last ice sheet 

that covered the study area. 

 

At a macro/landscape-scale, the geomorphology of the study area exhibits a spatial 

organisation of four components that demonstrates a striking pattern of glacial 

erosion and deposition controlled by glaciological, topographical and geological 

factors. 

 

The first and largest component is that of areal scour primarily occurring across the 

Rosses (Figure 4.1). This characteristically comprises assemblages of low rocky 

knolls and over-deepened rock basins, the latter often lake-filled and controlled in 

their form and orientation by lines of structural weakness. Individual bedrock knolls 
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are smoothed and streamlined, but more commonly occur as roches moutonnées and 

whalebacks. The significance of this landscape type is that, since every part of the 

landscape is affected by glacial erosion, it therefore must have developed beneath a 

warm-based ice sheet (Sugden, 1978) with ice flow being laterally extensive and fast 

flowing (Benn and Evans, 1998). 

 

East of the landscape of areal scour, ice flow must have crossed a threshold in both 

basal topography and ice thickness, leading to conditions of selective linear erosion 

(Figure 4.2). Glacially dissected topography confined to the highest elevations of the 

mountain massifs manifests itself as relatively unmodified plateau surfaces, small 

deeply incised bedrock troughs of amphitheatre valley heads, very steep slopes and 

narrow valley floors controlled by bedrock fracture and fault patterns. This landscape 

is significant as it suggests the presence of warm-based ice with high ice velocities 

and abundant subglacial meltwater that was topographically confined to glacial 

troughs (Glasser, 1995). Thinner ice and divergent flow sustained frozen-bed 

conditions with negligible erosion on the intervening uplands (Siegert et al. 2005). 

 

The smooth topography of the Derryveagh Mountains is a striking contrast to the 

rough plateaus of the remaining mountainous terrain of the study area (Figure 4.3). 

With its polished and rounded appearance, its development favoured warm-based, 

thick, slow moving abrading ice with high effective normal pressures. Variations in 

lithological structure at the ice-bed interface have given rise to such contrasting 

topography (Figure 4.4.). The smooth and polished terrain is underlain by 

metamorphic rock while the igneous bedrock characterises the rough and craggy 

high relief to the north. This erosion pattern reveals a thermal mosaic consisting of a 

patchwork of frozen and thawed bed conditions over high terrain (Stroeven et al., 

2002). 

 

Glacial deposition was restricted to the coastal lowlands and the valleys of the study 

area. Only 25% of the total study area is characterised by assemblages of extensive 

till sheets, moraine systems, meltwater channels, kame terraces, hummocks and 

kettle holes. The significance of this landscape type to the reconstruction of the 

former ice sheet is that it demarcates the outer parts of the ice sheet where melting 

ice released its sediment load or deforming sediment accumulated at the base of the 



Chapter 11  Ice Sheet Reconstruction 

326 

ice. The nature and distribution of each depositional assemblage was controlled by 

local topography, the geometry of the ice margin and the rate of ice flow. 

 

Given such generalised information at the landscape scale, the distribution and 

character of glacial landforms at the meso/intermediate and micro/local-scale was 

utilised to piece together glimpses of ice flow behaviour throughout the evolution of 

the ice sheet. 

 

The glacial landscape of NW Donegal comprises up to 450 individual landforms. 

Subglacial bedforms (drumlins, crag-and-tail and streamlined bedrock) are generally 

concentrated in clusters, show a high degree of parallel conformity, are 

topographically controlled and occur at low elevations with a dominant orientation in 

a northward direction (Figure 4.7, 4.10, 4.11 and 4.12). Identified moraines fall into 

two categories: i) large latero-frontal moraines that are arcuate in shape, smoothed 

and rounded in appearance, have smaller inner ridges and occur exclusively at the 

coastal lowland, and ii) small moraines that are subdivided into narrow and sinuous 

ridges that weave between bedforms and subhorizontal straight ridges situated only 

on valley sides (Figure 4.15). Meltwater channels are the most dominant landform on 

the landscape with an excess of 225 recorded (Figure 4.16). These channels are 

characteristically short, sinuous and braided, are grouped into networks of five to 

seven channels that exploit structural fault lines and lithological boundaries, occur in 

abundance in areas of high bedform density and show a consistent flow direction to 

the north. Hummocks are systematically organised into linear patterns or chains of 

small, discontinuous nested transverse ridges that occupy the intervening spaces 

between meltwater channels and small moraines (Figure 4.18). Kettle holes also 

occur in linear clusters commonly aligned along the margins of the latero-frontal 

moraines, while kame terraces are narrow, discontinuous, flat and gently sloping 

plateau surfaces, often pitted by kettle holes and dissected by meltwater channels 

that occur on valley sides at least at three distinct levels (Figure 4.18).  

 

The landform data was spatially summarised into flowsets. A coherent chain of 

events can now be proposed from the flowset construction: 
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Phase I: Ice Sheet build-up phase culminating with maximum extent 

 

Lins fs1 has been interpreted as an isochronous lineation flowset, unaffected by local 

relief (up to 500 m) and inscribed under a thick ice sheet. It records an offshore flow 

towards the northwest and north northwest where the ice margin was positioned 

some distance offshore (Figure 11.1). It is located at the base of the local age-stack 

and relates to flow geometry of the ice sheet close to the Last Glacial Maximum. 

 

 

 

 

 

 

N 

Figure 11.1 Isochronous lineation flowset unaffected by local relief records an offshore flow towards 

the NW and NNW. The white line is a cartoon representation of the ice margin some distance 

offhsore. Scale: gridmarks at 10 km. 
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Phase II - Ice sheet during early deglaciation 

 

Lins fs3 postdates the north-westerly fs1 and records late stage glaciation with a 

strong topographic control, i.e. valley constrained. Lins fs2 occurs between the early 

and late bounding events. The landform evidence, particularly the presence of 

drumlins, precludes the simple interpretation of an ice flow path emanating from a 

local ice dome over the Derryveagh Mountains. To account for these ice flow 

patterns, an ice divide must be positioned at least as far south as the Bluestack 

Mountains. Lins fs2 is orientated towards the north northeast while lins fs3 

increasingly becomes orientated to the northeast and east. These flow directions 

gradually bring ice flow into alignment with the trend of the valleys; however, a 

thinning signature is not preferred since the landform assemblage is not completely 

constrained by the wide and shallow valleys. Flowline migration must therefore be 

driven by changes in ice sheet geometry in response to the opening of calving bays 

and marine downdraw. Lins fs3 is superimposed on lins fs2 and this landform 

superimposition relationship suggests that fs2 was first drawn down through Mulroy 

Bay (Figure 11.2) and subsequently, when Lough Swilly opened as a calving bay, 

flow is drawn through this new larger bay from its original outlet (Figure 11.3). The 

ice mass must have still been large enough to control its own flow patterns to some 

extent, suggesting this phase occurred during early deglaciation. 

 

Phase III: Fragmentation into minor ice caps and mountain glaciers 

 

The suites of moraines provide deglacial information, and the bedform patterns with 

which they are associated with are interpreted as time-transgressive records of lobate 

margin retreat. The lobate margin retreated back into the mountain valleys funnelled 

through the Cloghanelly corridor by the intervening uplands of Tievealehid, 

Cronalaght and Cartrenna on the west and Errigal and Aghla More on the east. The 

retreat information held by this landform assemblage infers a complex retreat 

pattern. The large moraines infer a long standstill of the ice sheet while the smaller 

moraines record the steady shrinkage and recession of the ice lobe back up the 

Nacung Valley (See Figure 11.4). This phase most likely occurred at some point 

during late deglaciation. 
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Figure 11.2 Initial deglacial period where ice has retreated back from the Malin Shelf. Calving 

bays open along the northern coastline. Ice flow was drawn down through Mulroy Bay 

initially. Scale: gridmarks at 20 km. 

Figure 11.3 Ice flow trajectory shows a marine downdraw pattern through the sea loughs of 

Mulroy Bay initally, followed by Lough Swilly. Scale: gridmarks at 20 km. 

N 
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Lins fs4 is spatially isolated in the western sector of the study area and is therefore 

temporally isolated from the rest of the population across NW Donegal, presenting a 

challenge in its integration into the regional ice sheet history. Lins fs4 displays a 

relationship with the topography, where ice flow negotiated high local relief, 

directed towards the northwest with it being funnelled through the valleys. Lins fs4 is 

a complex flow pattern and shares characteristics both with the isochronous flowset 

and the time-transgressive record of lobate margin retreat. It is suggested therefore 

that lins fs4 occurred behind a margin located some distance offshore. It records 

either an offshore flow towards the northwest correlating with Lins fs1, or an ice 

margin retreated pattern back towards the mountain valleys, equivalent to Lins fs2 

and Lins fs3. 

 

Figure 11.4 Deglaciation characterised by a punctuated retreating ice margin southwards through the 

Croghanelly corridor, breaking eventually into separate lobates as it recedes back into the centres of 

ice dispersal. Large moraines mapped in brown, small moraines mapped in orange and ice marginal 

positions indicated by white line. Scale: gridmarks at 10 km. 

N 
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This reconstruction presents a symmetric ice sheet evolution where ice flowed 

northwards during maximum stage with deglaciation characterised by the return of 

ice to its original source. Having used the glacial landform record to decipher the 

flow geometry of the ice sheet, a focus on margin dynamics during deglaciation 

through the sediments was necessary for a complete reconstruction. 

 

 

11.3. The Sedimentary Record 

 

The sedimentary record of the study area is characterised by four main assemblages: 

i) subglacial; ii) ice-contact; iii) glaciofluvial; and iv) glaciolacustrine. 

 

Subglacially deposited till of the study area comprises glaciotectonite, subglacial 

traction till, lodgement till and melt-out till. The tills occur as i) gently undulating 

till sheets (in the Gweedore Area and the Northern Coastline) or ii) are incorporated 

into morainic landforms (in Lough Neill Valley). Melt-out till is formed when 

sediment is released by the melting of stagnant or slowly moving debris-rich glacier 

ice (Dreimanis, 1988). This till type does not occur extensively in the study area 

(Gweedore Area and Lough Neill Valley). 

 

Ice-contact sediments, as seen along the Northern Coastline, refers to material that 

was laid down in contact with the ice margin. Sedimentation was not always 

continuous where a combination of remobilisation and reworking acted on 

previously deposited material. 

 

Although the study area is devoid of eskers, abundant material of glaciofluvial origin 

is present. Deposits include complex swathes of sands and gravels of varying 

coarseness, ice marginal and subaqueous outwash fans and current bedded gravels 

deposited proglacially immediately in front of the ice margin, either subaerially or 

subaqueously. While these deposits are relatively widespread, they do occur most 

extensively across the Lough Neill Valley and the Glasagh Lowlands. 
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Glaciolacustrine deposits are most dominant in the Gweedore Area and the Glasagh 

Lowlands. These ice-contact/ice marginal sediments formed small fans and deltaic 

type deposits with topset bedding not always apparent. The more distal 

glaciolacustrine sediments are not exposed. For these deposits to form, a substantial 

amount of ponded water was needed at the margins of the ice in order to 

accommodate the accumulation of the delta and fan sediments to the extent observed 

in the study area (McCabe and Eyles, 1988). The relatively small areal extent of 

topographic lows on the ice distal sides of these features, and the overall hummocky 

and irregular topography, suggests that the water ponded locally in lakes which were 

not very deep and were dammed by retreating ice and high relief. 

 

 

11.3.1. The Gweedore Area 

 

The Gweedore Area is characterised by subglacial and glaciolacutrine assemblages. 

On the basis of geomorphological data outlined in Chapter 4 and sedimentological 

and stratigraphic data outlined in Chapter 6, a sequence of events for the Gweedore 

Area can be reconstructed. A four phase model is proposed: 

 

Phase I - Ice Advance  

 

Ice advanced both along the Gweedore Valley and across the Rosses moving 

offshore in a northwest direction, as shown by the streamlined bedrock record of 

Chapter 4. This ice flow was channelled through the valleys (Figure 4.12) and 

abraded the valley sides as it proceeded (as evidenced by the sediments exposed in 

Gweedore Pit I, II and III). A well-defined high-level bench occurring at 140 m a.s.l. 

on the southern slopes of Cronalaght Mountain is testament to this. The nature of the 

bench is broad and blocky where the bedrock was at shallow depths and the sediment 

supply was low at this elevated area. Initial ice flow was by the process of plucking 

where basal ice penetrated deep into the locally highly weathered and fractured 

bedrock, dislocating and entraining slabs of the bedrock surface into the basal ice 

layers and transporting them over relatively short distances (Meehan, 1999). The 

cannibalization of the bedrock into a breccia is widespread here. As active ice flow 
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continued, the subglacial ice-flow was dominated by sliding at the ice/bed interface, 

producing a stony glaciotectonite that overlies the brecciated bedrock surface 

(Iverson, 2010). The thin nature of this till represents a minimum transport distance 

and proximity to the source area (Meehan, 1999). Subglacial traction till and 

overconsolidated lodgement till that is matrix-supported and has a fissile structure is 

the chief component of the bench, showing that subglacial shearing was the main 

process of forward ice motion across the area once the ice sheet had extended from 

the confines of valley (Phillips and Lee, 2011). Roches moutonnées, ice-moulded 

bedrock as well as large faceted and striated clasts in the lodgement till all document 

ice flow to the northwest. Rapid ice flow explained by a decoupling at the 

substrate/bedrock interface favoured by inefficient subglacial drainage and high 

porewater pressures is recognisable by the style of deformation of the till (Evans et 

al., 2006). A polythermal ice sheet characterises this phase. The preservation of tors 

in Gweedore in the upland area attest to minimal glacial erosion and sustained 

frozen-bed conditions of the ice sheet with increasing elevation. 

 

Phase II - The Quiescent Phase  

 

With a change to negative mass-balance conditions and a change in the dynamic 

regime of the ice sheet, a change in the style of sedimentation occurred (Glasser and 

Hambrey, 2001). Ice sheet inactivity and stagnation manifests itself in the deposition 

of melt-out till (as evidenced by the sediments exposed in Gweedore Pit IV). The 

steep topography of the area provided the pinning points for the ice margin to 

stabilize (Ó Cofaigh, 1998). The snout became covered with sediment due to melt-

out of crevasse fills and debris-laden basal ice (Roberson, 2009), so that the material 

which was once sheared into the base of the ice during ice advance was emplaced by 

subglacial melt-out till. 

 

Phase III - Ice Retreat  

 

As the ice sheet continued to contract and to shrink backwards it simultaneously 

diminished in thickness. The pattern of lateral meltwater channels surrounding 

Cronalaght Mountain relates to drainage close to the ice margin as the local high 

relief emerged from the thinning ice (Figure 4.15). The ice sheet fragmented into a 
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number of large and detached lobes and valley glaciers. Ice retreating southward 

across the Rosses (Figure 4.12) separated from that issuing from the Derryveagh 

Mountains along an eastern suture line located at the mouth of the Gweedore Valley. 

This resulted in the valley becoming effectively blocked and plugged by ice. 

Meltwater channels that flowed normally down the mountain sides or those that 

issued from the ice itself were effectively trapped in the valley and unable to escape 

until normal drainage had been reopened. As a consequence, a substantial glacial 

lake formed in the interlobate area as the ice margins uncoupled (Gruszka et al., 

2012), and glaciolacustrine sedimentation took place into the lake (documented by 

the sediments at Lough Nacung Pit). The sedimentary facies arrangement comprises 

lacustrine bottomsets, deltaic foresets in association with avalanche-front 

sedimentation and poorly sorted cobble gravels that constitute topset deposits. These 

sediments were deposited as prograding glaciolacustrine deltaic and fan type 

deposits with coalescing nodes that developed both above and below the lake 

surface. Such coalescing nodes have been mapped as a chain of small moraines, 

shown in the Moraine and Meltwater Landform Map of NW Donegal, and are visible 

on the southern flank of the Gweedore Valley. Morphologically, these moraines are 

subhorizontal, relatively straight, vary in size from 90-274 m and occur at the same 

elevation. Sedimentological input and development of the moraines occurred 

towards the west and northwest, with an ice mass situated to the east by a 

combination of processes but principally by debris released at the ice margin. Such 

lateral moraines demarcate the edge of the tongue of ice that occupied the valley. 

They developed in association with an ice-lake whose palaeolake level occurred at 

150 m a.s.l. The relatively flat nature of the lateral moraine surface suggests that the 

level did not change appreciably during the time of its formation. 

 

Corresponding with the lateral moraines is a low terminal moraine which runs south 

of the Claudy River and spans the mouth of the valley. The small size of this ridge as 

compared with the lateral moraines can be explained by the destruction of morainic 

material by the powerful streams which issued from the snout of the glacier 

(Charlesworth, 1924). 
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Phase IV - Ice Stagnation 

 

The Dunlewy Glacier which occupied the Gweedore Valley continued to retreat to 

the east. This is documented in the Moraine and Meltwater Landform Map of NW 

Donegal by the small lateral moraines skirting the northern slopes of the Gweedore 

Valley and the cross-valley moraine that separates Dunlewy Lough from Lough 

Nacung. These moraines mark another temporary period when the ice front stabilised 

(Charlesworth, 1924). The ice finally evacuated the valley to the east  

 

 

Figure 11.5 Genesis of the morphosequences of glaciated Gweedore Valley. 1) Bedrock; 2) 

Glaciotectonite& Subglacial traction till; 3) Lodgement till; 4) Melt-out Till; 5) Hummocks; 6) Large 

erratic boulders; 7) Ice margin; 8) Glacial lake; 9) Subaqueous Fan; 10) Delta; 11) Hillocks; 12) 

Glacier; 13) Cronlagaht; 14) Derryveagh Mountains; 15) Fluvial channels; 16) Meltwater channels. 

Diagram not to scale. 
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with no evidence for reworking of the sediments in the area, suggesting the ice never 

readvanced following its retreat. 

 

In the Gweedore area there is evidence for two distinctive styles of sedimentation: 

one subglacial, the other glaciolacustrine (Figure 11.4). The subglacial sedimentary 

environment reflects a period of time when the ice sheet was warm-based and 

dynamic with active basal sliding over bedrock, subsole deformation, deposition of 

till and the development of streamlined bedforms (Glasser and Hambrey, 2011). The 

glaciolacustrine sedimentary environment reflects a period when the ice sheet was 

characterised by retreat and deltaic and fan deposition occurred. 

 

 

11.3.2. The Lough Neill Valley 

 

The Lough Neill Valley represents a major depositional episode during the retreat of 

the ice sheet across the study area. The valley is characterised by subglacial, 

glaciofluvial and ice-contact assemblages. On the basis of geomorphological data, 

stratigraphic architecture and characteristics of the facies outlined in Chapters 4 and 

7, a sequence of events for the Lough Neill Valley has been reconstructed: 

 

Phase I - Ice Retreat 

 

An ice margin position is recorded at the entrance to the Lough Neill Valley, marked 

by a small discontinuous ice-contact morainic feature connected to outwash deposits 

as evidenced through Lough Neill Pit I and II. A bedrock knoll acting as a grounding 

point must have stabilised the southward retreating ice mass for a period (Ó Cofaigh 

et al., 2006), allowing enough time for the production of a moraine on the lee-side of 

the steep rock barrier. The moraine consists of discontinuous ice-marginal 

constructions of both lodgement and subglacial traction till. The deposition of a thin 

veneer of water-saturated melt-out till followed. Glaciofluvial gravels incise the till 

sheets and comprise sets of large scour fills. At the base of the large scours, debris 

flows made up of resedimented till reflect sedimentation in the proximal outwash 

environment (Whipple and Dunne, 1992), where periglacial features indicate 
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continuing permafrost conditions once the ice had contracted and retreated from this 

area. 

 

During the creation of the ice-contact morainic feature, ice flow prevailed beneath 

the glacier that occupied the upper reaches of the valley and basal till was formed in 

conjunction with an ice-directed meltwater drainage system. 

 

Phase II- Ice Stagnation and Creation of a Lake in the Valley 

 

As the ice retreated up-valley and thinned, moulins and crevasses characterised the 

surface of the ice sheet, particularly over the relatively high ground (Bitinas, 1994). 

A change ensued from an ice sheet into detached ice blocks separated by thrust-fold 

structures as evidenced by Lough Neill Exposure 4. Melting was accelerated around 

the crevassed zones due to increased insolation causing the ice margin to break apart 

with small blocks of stagnant ice becoming separated and detached (Lundkivist, 

2003). Such blocks were relatively small, of the order of a few tens of metres in 

diameter, and correspond to the kettle hole of Lough Neill and pitted surface of the 

topography within the valley, documented on the Moraine and Meltwater Landform 

Map of NW Donegal. 

 

Drainage became blocked, and the ground vacated by the ice was flooded by a 

temporary ice-walled or ice-marginal lake that ponded along and upon the sides of 

the inactive ice that was trapped within the valley. Large volumes of sand and gravel 

were transported into the lake by meltwater streams. The gravels and sands of 

Exposure 3 and 5 form large cross-bedded structures, indicating the development of 

foresets and topsets as part of this delta complex that was stored temporarily as kettle 

basins underlain and buttressed by buried ice (Knight, 2003). 

 

Rapid and extreme changes in water level, characteristic of ice-walled lakes, resulted 

in large meltwater floods and rapidly decaying large bodies of dead ice. The melting 

dead ice blocks were replaced by meltwater streams that channelled flow laterally 

along the valley sides, producing kame terraces, shown in Figure 4.17. 

Morphologically, these kame terraces are long (up to 1700 m and wide (228-391 m) 
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and sedimentologiclly comprise foresets and topsets, as evidenced both by Exposure 

1 and 2. 

 

Phase III-Ice Decay 

 

With progressive deglaciation and sedimentation in the ice-walled or ice-marginal 

lake basin, the relative relief increased between the elevated areas and the general 

terrain producing plateau-like kames (Morawski, 2007). The lake level controlled 

and influenced the height to which the kames developed. The lake drained with 

further downwastage of the ice, allowing water to flow along the valley floor 

directed into a pre-existing master channel that controlled the level of meltwater 

drainage from the area. The periodic recession and surface lowering of the ice in the 

valley is documented in Chapter 4 where two levels of kame terraces have been 

mapped, one at 155 m and the other at 290 m a.s.l. 

 

After the ice had finally vacated the Lough Neill Valley, the terrain within the valley 

is characterised by highly irregular terrain. This terrain is now interpreted as high 

plateau-like kames surrounded by lower level terraces, morphologically distinctive 

by their flat-topped, undulating and pitted surfaces, as documented in Chapter 4. A 

more extensive deltaic sequence forming the kames had probably evolved, but it has 

been partly eroded and removed by the meandering Corveen River which now flows 

through the valley deposits. 

 

The sediments exposed in the Lough Neill Valley are analogous to the infilling of a 

former ice-walled lake plain (Figure 11.6 and 11.7). The coarse-textured deposits 

represent the surface and the proximal part of an ice-contact deltaic sequence. 

Proximity to the glacier is documented by dropstones, incorporation of clusters of 

angular clasts and to a minor degree by synsedimentary faults that most likely were 

initiated by glaciodynamic processes. The massive gravels, envisaged to have been 

deposited in a broad braided glaciofluvial channel characterised by migratory bar 

and lateral accretion, were transported mainly laterally along the valley sides. 

Foreset sediments were mainly transported by cohesionless debris flows and debris 

falls, depositing alternating gravels with openwork beds and sheet-like stratified 

gravels. Delta growth was progradational and represents the dominant control on  
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Figure 11.6 A three-dimensional down-valley model of Lough Neill Valley based on the relationship 

between the different geomorphologic features identified at sites in the valley and proposed ice 

location. Not to scale. 

Figure 11.7 Diagrammatic reconstruction of the postulated 

evolution of the depositional environment of Lough Neill Valley. 
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delta development. Melting of glacier ice is thought to account for high discharge 

rates that generated abundant sediment supply, but also caused fluctuations in lake 

level that may explain shifting delta growth from the north and northeast (upper delta 

terrace) to the west and northwest (lower delta terrace) in the Lough Neill Valley. 

 

One of the critical factors controlling sedimentation is the existence of a long, deeply 

incised valley that had the ability to trap stagnant ice, water and sediment. It implies 

that ice wastage through surface melt and thinning across a large area played a more 

important role than ice frontal retreat during the deglaciation of this area of NW 

Donegal, thus emphasising the influence topography, in particular the ice-dividing 

massif of Cronalaght and Tievealehid, had on in the style and pattern of deglaciation. 

 

 

11.3.3. The Glasagh Lowlands 

 

The Glasagh Lowlands represent the largest assemblage of glaciofluvial material in 

the study area, and represent a major depositional episode during the retreat of the 

last ice sheet. Based on the geomorphological, sedimentological and stratigraphic 

data outlined in Chapters 4 and 8, the following model is proposed to account for its 

depositional history. 

 

Phase I- Ice Advance 

 

The advance of the ice sheet across the study area deposited a regional till sheet 

which underlies the Glasagh area, as evidence by Lough Neill Pit III and Exposure 5. 

 

Phase II- Ice Retreat 

 

With a receding ice sheet, local topographic highs restricted the continuous retreat of 

the ice margin across the Glasagh Lowlands and separated it into two lobes. A 

western lobe continued a southward retreat along the coastal side of Tievealehid 

Mountain, while an eastern lobe retreated southwards through the Cloghanelly 

corridor. Large subdued discontinuous lateral moraines (Figure 4.14) have been 
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mapped and these demarcate the boundary of the interlobate zone. An interlobate 

lake basin developed with a subaqueous fan complex deposited into it, as evidenced 

at Glasagh Pit. Steady-state conditions prevailed at this stage to enable continuous 

deposition of the fan complex (Livingstone et al., 2009). A lack of fine sediment 

demarcating the distal portion of the fan shows that converging and accelerating flow 

forced the extension of more proximal fan facies, with basin geometry and flow 

conditions controlling development of the subaqueous fan (Livingstone et al., 2009). 

 

Following deposition of the subaqueous fan complex, the western ice lobe appears to 

have remained relatively stable, but the eastern ice margin began to retreat to the 

south, opening drainage outlets. This caused water levels to drop in the interlobate 

lake basin. A fall in lake level produced a steep hydraulic gradient near the ice 

margin, triggering a drainage event that tapped previously unconnected reservoirs of 

subglacial meltwater (Sharpe and Cowan, 1990). Subglacial streams that flowed 

along the ice base underwent successive phases of capture and abandonment, with 

vast quantities of sediment being transported to the ice margin (Livingstone et al. 

2008). The flushing of sediment occurred in a braided network of unsteady, 

unconfined channels (Lough Neill Pit III and Glasagh Exposures 1-4). These 

channels acted as feeders where glaciofluvial sediments were deposited along the ice 

margin (Livingstone et al. 2008). This gave rise to the development of stratified 

"glaciofluvial moraines". Such moraines, now evident across the Glasagh Lowlands, 

have been mapped as a hummocks (Figure 4.17), interpreted as evidence for i) ice 

sheet down-wasting and dead ice topography (Knudsen et al., 2006) or ii) 

glaciofluvial corridors (Utting et al., 2009). Their morphological expression and 

sedimentological profile show that these glaciofluvial moraines represent rapid sub-

ice glaciofluvial deposition at the contact between the ice margin and the glacial 

lake. They are interpreted as grounding lines where entry currents were strong 

(inhibiting deposition of fine sediment) and deposition was vigorous (recognised by 

the coarse nature of the material) and characteristically of high magnitude and low 

frequency (explained by the limited number of moraines across the area). The 

absence of wave-reworked gravel is due to the rapidity with which the water level in 

the lake basin dropped, with the opening of drainage outlets to the east in response to 

the retreating ice margins. The elongate form of the moraines reflect the geometry of 

the lake basin that extended along the ice front. 
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The Glasagh glaciofluvial moraines exhibit a general fining northwards. This trend 

can be reconciled with a southerly water source. The formation of glaciotectonic 

deformation structures (Exposures 1 and 2) indicated that the base of the ice became 

grounded on Tievealehid Mountain at this stage. 

 

Phase III- Ice Stagnation and Decay 

 

As the ice continued to downwaste and stagnate, a thin, dead ice apron led to the 

development of hummocky, chaotic, drowned kettle-holed terrain now visible by the 

numerous lakes at the head of the Glasagh Lowlands (Livingstone et al., 2010). This 

prevented the effective discharge of meltwater and resulted in the extensive 

reworking of sediments by debris flows (Exposure 5 and 8). 

 

 

 

11.3.4. The Northern Coastline 

 

The glacial geology of the Northern Coastline comprises a distinct event stratigraphy 

relating to high relative sea level, subglacial deposition, meltwater sedimentation 

resulting from subaquatic discharge at the ice margin and glaciofluvial 

Figure 11.8 Schematic model for the various components of the Glasagh Lowlands. Not to scale. 
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sedimentation. Reconstruction of the depositional palaeoenvironment relates to the 

following: 

 

Phase I- High Relative Sea Level and Marine Transgression 

 

Raised fossil shorelines have been recorded in this study along the coastline 

stretching from Horn Head in the east to Bloody Foreland in the west, also including 

Árainn Mhór Island off the west coast (Figure 4.16). The palaeoshorelines are 

elevated above present sea level to between 10 m-189 m. Geomorphologically, the 

shorelines are near-horizontal, consist of extensive platforms backed by steep-sided 

escarpments and are generally cut into bedrock. Such raised shorelines represent 

changing relations between land and sea surfaces (Lambeck, 2001) and record sea 

levels have been higher in the past.  

 

Quaternary successions along the Northern Coastline commonly rest on a wave-cut 

platform that rises inland to a buried bedrock cliff (Exposures 2, 6, 8, 9). Overlying 

the shore platform is a raised beach that is evident from Altnapeaste to Currans Port 

(Exposures 6, 7, 8). The raised beach and overlying wave-influenced shallow marine 

sands (Exposure 2) are associated with high relative sea levels and marine 

transgression, with an absence of marine shells reflecting formation in a cold 

environment (McCabe et al., 1998). An estuarine or embayment environment for the 

formation of the raised beach is discounted on the basis that i) the sediments are not 

dominated by muddy-sandy facies that would reflect such a low-energy setting, and 

ii) the lack of littoral accumulations simply disagrees with an estuarine setting which 

should be rich in organic remains. The raised beach at the Northern Coastline could 

have formed under a number of scenarios. It may represent an interglacial 

accumulation deposited during an eustatic highstand characteristic of the temperate 

stage; it could also relate to deglacial conditions recording glacioisostatic depression 

during ice sheet withdrawal from the continental shelf; or it could be interpreted as 

recording a combination of glacioisostatic depression during ice sheet build-up and 

high eustatic sea level prior to the LGM. It is important to point out that without any 

date for the raised beach, it can be interpreted as belonging to any of the above 

scenarios. 
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Phase II- Ice Advance 

 

Coastal submergence is followed by subglacial deposition. Overlying the beach is a 

patchy record of subglacial till (Exposure 7, 9, 12) that records ice sheet advance 

onto the coast of NW Donegal as it moved offshore. This advance till is relatively 

thin because later ice marginal activity at the coastline resulted in its cannibalization 

and incorporation into overlying deglacial sequences. Connected to this north-

westward ice flow pattern is polished and rounded bedrock and subglacial meltwater 

furrows located at Altnapeaste (between Exposures 7 and 8). 

 

Phase III- Initial Ice Retreat 

 

As the ice sheet began to retreat onshore, an inflow of subglacial meltwater supply 

increased to the ice margin, resulting in the deposition of subaqueous outwash 

(Exposure 10), stacked sequences of subaqueous debris flows (Exposures 3, 4, 5, 6, 

8, 11, 12) with winnowed lag gravels (Exposure 2) and coarse-grained suspension 

deposits (Exposures 3 and 4). They indicate sedimentation in and around small 

grounding line fans that prograded at various points along the ice margin (Figure 

11.9) (Hunter et al., 1996). Small-scale oscillations of the margin into the ice-contact 

faces of the fans are recorded by glaciotectonic structures (Exposure 5) and 

hydrofracture fills (Exposure 6). 

 

 

 

Under such conditions, a high-energy subaqueous jet efflux (Exposure 1) supplied 

significant quantities of glacigenic debris to the subaqueous environment from 

Figure 11.9 Postulated evolution of ice-proximal palaeo-environment along the Northern Coastline of 

Donegal. 
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subglacial meltwater portals at Altawinny Bay (McCabe, 1995). Sediment 

aggradation like this must have occurred when the ice margin temporarily re-

equilibrated on Bloody Foreland, allowing basal networks to establish, enlarge, and 

focus sediment point sources along the western edge of the mountain, perhaps in 

response to rapid ice wastage on the continental shelf (Lang et al., 2012). It is likely 

that Exposure 1 is an extension of the recessional morainal bank complex that skirts 

Bloody Foreland. 

 

Phase IV- Ice Evacuation 

 

Renewed recession of the ice sheet is recorded by the glaciofluvial incision and 

channel filling (Exposures 2, 3, 11) associated with remobilised fluvial outwash 

(Exposure 5, 8), which was directed by the undulatory topography of abandoned ice-

contact depo-centres. Periglacial conditions may have persisted across the Northern 

Coastline during the accumulation of glaciofluvial material and after deglaciation, 

with several sites containing clear evidence of frost heave (Exposures 4 and 5). 

 

From this first comprehensive description and interpretation of glacigenic sediments 

along the Northern Coastline of Donegal, it can be concluded that sedimentation was 

subglacial to ice marginal in origin and that the ice was very proximal throughout. 

 

 

11.4. Associated Chronology 

 

This research has proven an offshore extension of the Irish Ice Sheet at LGM from 

NW Donegal and has constrained retreat of that ice margin from the continental shelf 

edge to the coastline of the study area by 18.7-19.8 cal ka BP (Table 10.2). When the 

data are combined with previously published dates (see Figure 2.14), a 

comprehensive chronology of ice margin retreat across NW Donegal can be 

proposed: 

 

i) Two extensive suites of closely nested arcuate moraines exist in the northwest of 

Ireland. One suite is located 90 km from the west coast of Donegal (Ó Cofaigh et al., 
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2010) and the other is situated 55 km northwest of Tory Island of north Donegal 

(Dunlop et al., 2010). The moraines show ice extended as far as the continental shelf 

break, where the Bara and Donegal Fans acted as major depocentres and represent a 

major focus of glacial meltwater and sedimentation (Knutz et al., 2002; Wilson et 

al., 2002). Iceberg Rafted Detritus (IRD) records from the Barra Fan show ice sheet 

extension to the shelf edge occurred between 29-27 cal ka BP, prior to the globally 

defined LGM (Wilson and Austin, 2002). 

 

ii) A field of 275 drumlins located 5 km northwest of Tory Island, as well as a 

smaller swarm of 59 streamlined landforms located 5 km northwest of Árainn Mhór 

Island, record north-westerly ice flow across the continental shelf (Ó Cofaigh et al., 

2010). The Donegal coast was isostatically depressed at this time by 150 m to more 

than 180 m based on AMS 
14

C ages from Glenulra valley (McCabe et al., 2007). 

Maximum ice sheet growth was attained by 24 cal ka BP (Ó Cofaigh et al., 2010). 

 

iii) Based on the pattern of smaller nested moraines observed further inshore, in 

particular the northeast-southwest aligned ridges located 15 km southwest of Árainn 

Mhór, the ice sheet reorganised as a result of a calving event and developed into 

large lobate ice masses that occupied different parts of the continental shelf. One 

lobe receded across the Malin Shelf towards the Scottish coast with another receding 

towards the mouth of Donegal Bay. Ice marginal retreat was episodic, possibly slow, 

punctuated by occasional minor readvances or oscillations (Ó Cofaigh et al., 2010). 

Ice sheet break-up was closely associated with Heinrich Event 2, with deglaciation 

beginning at 23 cal ka BP (Scourse et al., 2009). 

 

iv) Deglaciation of the LGM ice margin from the continental shelf onto coastal sites 

of NW Donegal occurred by ~ 19.5-20.0 cal ka BP, as evidence by i) 
10

Be
 

cosmogenic isotope date from Árainn Mhór Island indicating the timing of 

deglaciation by 19.8 ± 2.5 ka and 18.7 ± 2.0 cal ka BP (Table 10.2); ii) 
10

Be
 

cosmogenic isotope date from Bloody Foreland moraine indicating deglaciation by 

19.3 ± 1.2 cal ka BP (Clark et al., 2009); iii) 
10

Be
 
cosmogenic isotope date from 

glacially transported boulders at Bloody Foreland showing ice had retreated by 19.5 

± 1.9 cal ka BP (Ballantyne, 2010); and iv) calibrated 
14

C ages from Corvish, 70 km 
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east of Bloody Foreland, showing deglaciation at 20.2 ± 0.1 cal ka BP (McCabe and 

Clark 2003).  

v) On the basis of Schmidt hammer relative ages, no strongly consistent spatial 

pattern emerged, indicating a synchronous ice retreat onshore across the study area. 

 

 

11.5. Summary 

 

A reconstruction of the ice sheet has been presented in this chapter and is 

summarised by: i) subglacial shearing was the main process of forward ice motion 

with an ice flow in a northward and northwestward direction onto the Malin Shelf, 

smothering the regional topography as it did so during the maximum period of 

glaciation, ii) followed by initial deglaciation characterised by the steady southward 

retreat of the ice margin back onto terrestrial landmass interrupted only by minor 

oscillations with ice flow migrating between opening calving bays, and iii) late stage 

decay characterised by strong topographical control on ice flow with high ground 

existing as nunataks and fragmentation of the ice sheet into separate ice lobes. The 

'unzipping' of the ice sheet into a western and eastern lobe allowed for the formation 

of substantial glacial lakes in the interlobate areas as the ice margins uncoupled. 

Subglacial braided networks of channels acted as feeders, flushing glaciofluvial 

sediments to the ice margin. As the ice continued to downwaste, thin dead ice aprons 

existed, resulting in hummocky, chaotic, drowned kettle-holed terrain now 

characteristic of NW Donegal. The observed raised fossil shorelines, wave-cut 

platform, raised beach and wave-influenced shallow marine sands along the northern 

coastline would suggest that high relative sea levels existed and perhaps 

accompanied deglaciation. 
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12. Chapter 12. DISCUSSION AND 

CONCLUSION  

 

12.1. Introduction 

 

This thesis presents the findings of a combined geomorphological, sedimentological  

and geochronological investigation into the glacial history of the NW Donegal. This 

study has attempted to resolve some of the long standing issues surrounding glacial 

chronologies for the region, fill gaps in the literature with regard to glacial 

sedimentology and have tested the conclusions of previous work with regard to 

geomorphology, and its interpretation in this study area (Evans, 2008). It is now 

important to review the major methodological findings of this research, which is the 

focus of this chapter. This chapter is also concerned with explaining the meaning and 

relevance of the research findings and relating these to other studies on the Irish Ice 

Sheet. Suggestions for future research are outlined and in doing so this study’s 

limitations are identified. This chapter concludes with a brief summary of the key 

outcomes of the research. 

 

 

12.2. Methodological Considerations  

 

Within the framework of the multi-proxy approach for the reconstruction of the last 

Irish Ice Sheet in NW Donegal, other techniques used, apart from those described 

above, include clay mineralogical analysis, geophysics and Schmidt hammer dating. 

For each of the three methods, the relative merits of the outcomes are discussed.  
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12.2.1. Clay Mineralogy 

 

Two generalised categories of grus in the form of clayey grus and coarse-grained 

granular grus were distinguished in NW Donegal on the basis of grain size and 

secondary minerals. Clay mineralogical analysis established the presence of a range 

of minerals from goethite to kaolinite and chlorite in the study area. Based on 

previous studies using the relationship of deep grusification to climate (Dubroeucq 

and Volkoff, 1998; Thomas et al., 1999; Da Costa and Moraes, 1998), the kaolin-

rich weathered residues can be considered to be the product of humid tropical 

weathering. Taking it one step further, on the basis of Hall's 1986 paper, a Miocene 

age can be applied to the clayey grus through to a possible Pliocene age for the main 

grus occurrence. 

 

However, this research has shown: 

 

i) there is little justification for the recognition of grus as the product of distinct 

weathering zones in NW Donegal. Grus mantles appear to have resulted from the 

truncation of thicker weathering profiles by the ice sheet as it crossed the study area. 

Consequently, the present characteristics of the grus may reflect the weathering 

environment close to the weathering front, and therefore are not indicative of near-

surface conditions in either the present or the past (Migon and Thomas, 2002). 

 

ii) A purely climatic approach to the explanation of grus is not helpful since grus 

mantles can be found in a variety of climates from subtropical to cool temperate 

(Söderman et al., 1983; Lundqvist, 1985; Hall, 1986; Le Coeur, 1989; Lidmar-

Bergström et al., 1997, 1999). 

 

iii) The zonation of grus properties with respect to topographical factors cannot be 

argued, as degradation of granites occurred ubiquitously throughout the research area 

(Thomas, 1995; Lidmar-Bergström et al., 1997; Migon, 1997). 

 

iv) The detected limits of using a stand-alone method like clay mineralogy is 

outlined in this research (Chapter 6). It is recommended that clay minerals in 
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conjunction with isotope geochemistry analysis should be carried out in order to 

improve the characterisation and identification of controls of alteration effects in 

sediments. 

 

 

12.2.2. Geophysics 

 

The meaning of tors found in previously glacierized areas has been greatly debated 

(Linton, 1950; Godard, 1965; Sugden, 1968; Pheasant and Andrews, 1972; Sugden 

and Watts, 1977; Kleman and Borgström, 1990, 1994; Rea et al., 1996; Kleman and 

Stroeven, 1997; Clarhäll and Kleman, 1999; Kleman and Hättestrand, 1999; André, 

2004). In this context, the tors investigated in the Gweedore region of NW Donegal 

were of special interest to better understand the geomorphic impact of the ice sheet 

in the region. Without any exposures, an electrical resistivity survey was carried out 

where three lithological classes of quartzite bedrock, gravel and boulders and 

gravelly sand/silt and sandy gravel were differentiated. The results from the field 

investigation can be expressed in a threefold conclusion: 

 

i) It is tempting to consider glacial erosion as non-existent in the area where tors are 

present. However, the absence of weathering pits, the tors limited height and the 

juxtaposition of glacial erratics all attest to ice sheet activity on Cronalaght 

Mountain. It must be added that the geometry and structure of tors have been 

perfectly preserved. This research has demonstrated that the ice sheet on Cronalaght 

Mountain had a very low geomorphic impact with signs only of very weak glacial 

abrasion, suggesting frozen based conditions and/or thin ice over the summits. The 

electrical resistivity survey has established that very thin and discontinuous till 

drapes the mountainside, consisting of gravels with a mixture of relatively fine-

grained sand. Its minimal thickness and composition indicates modest deposition by 

melt-out processes during deglaciation. 

 

ii) The spatial resolution of the electrical resistivity survey relies heavily on electrode 

spacing amongst other factors, and this needs to be taken into consideration at the 

outset of any field investigation. 10 m spacings were used in this research, permitting 



Chapter 12  Discussion and Conclusion 

351 

increased depth of penetration, allocation of bedrock surface and depiction of 

bedrock structures. However, what was of greater concern in this study were the 

unconsolidated sediments overlying the bedrock, and this electrode spacing resulted 

in a low resolution dataset making it difficult to ascertain the characteristics of the 

top 5 m of the subsurface. A recommendation based on this research would be to 

combine high and low resolution datasets over long and short distances by way of 

varying the electrode spacing from 10 m to 2 m. The combination of different 

electrode spacings will aid in the refinement of the interpretation of the outputted 

inversion models (Pellicer and Gibson, 2011). 

 

iii) The use of Ground Penetrating Radar (GPR) is recommended in conjunction with 

electric resistivity surveys for studies focussing on Quaternary unconsolidated 

sediment. GPR data provide a high resolution picture of the internal architecture of 

the subsurface, and when used with a range of antenna frequencies it can detect the 

subsurface internal architecture at different scales (Pellicer and Gibson, 2011). Its 

limitation is delineating the thickness of sediment, which is a strength of electrical 

resistivity. Together, both geophysical techniques can precisely depict the 

lithological characteristics, contact and depth of subsurface material. 

 

 

12.2.3. Schmidt Hammer Dating 

 

The Schmidt hammer has shown its potential as a relative-age dating technique in 

this research. The results show an apparent lack of geographical patterns in R-values, 

reflecting a lack of evidence for distinct weathering zones and suggesting that all 

sampled sites represent one age/type event. The Schmidt hammer has proven its 

usefulness in support for any study using Cosmogenic Nuclide analysis, as Schmidt 

hammer measurements can crosscheck the choice of boulders for analysis and 

efficiently reduce the number of samples necessary for a reliable chronology. This 

research has also demonstrated that rock surface weathering on similar rock types is 

a function of elevation as reflected in the Schmidt hammer R-values. On the basis of 

the results presented in this thesis, improvement of the technique can be achieved 

through the following recommendations: 
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i) The success of the technique strongly relies on a very large number of R-values 

(>1,600 were used in this research) to reduce the errors associated with predicted  

 

ages. It is advisable to break the survey area into a number of localities, with each 

locality representing an independent sample set for a particular ice process 

environment. At each locality, a cluster of 30 sites (a viable statistical sample) 

should be identified with a minimum of 25 R-values recommended for each site 

(Matthews and Owen, 2011). 

 

ii) Elevation plays an important role in the variability of R-values. To reduce the 

impact this potential error has for the predicted ages of surfaces of unknown age, it is 

recommended that Schmidt hammer measurements be taken at a range of elevations, 

preferably at 50 m intervals in an Irish context. 

 

iii) When a multi-proxy dating approach is deployed where Schmidt hammer is used 

in conjunction with an absolute dating technique, a minimum of two control points is 

essential. The absolute dates represent controls or fixed points that all means of 

individual Schmidt hammer sites can be related to in order to construct an age 

calibration curve, deriving a linear function between age and mean R-value. This 

allows for ‘absolute’ age estimation of Schmidt hammer measurements and for the 

crosschecking of Terrestrial Cosmogenic Nuclide Surface Exposure dating. 

 

 

12.3. Research Implications 

 

The following discussion examines the compatibility of the reconstruction of the last 

Irish Ice Sheet in NW Donegal proposed in this thesis with earlier conceptualisations 

of the ice sheet’s history. In Chapter 2, key elements of the ice sheet were assessed 

and now such themes are revisited in light of this new reconstruction, outlining the 

implications for future research. 
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12.3.1. Ice Divide Position 

 

There has always been a consensus that the Donegal Mountains acted as a centre of 

ice nourishment, holding an ice divide to some extent throughout the entire 

glaciation of Ireland (Ballantyne et al, 2007; Charlesworth, 1924; Colhoun, 1971; 

McCabe, 1985, 1987, 1991, 1995; Warren, 1991, 1992; McCabe et al., 1999, 2005; 

Knight and McCabe, 1997; McCabe and Clark, 2003; Greenwood et al., 2009). The 

reconstruction which emerges from this research is in agreement with this. 

 

The position of the Donegal ice dome has traditionally been depicted as stretching 

from the Blue Stack Mountains in the south through to the Derryveagh-Glendowan 

Mountains in the north (Charlesworth, 1924; Long and McConnell, 1997; McCabe et 

al., 1993; McCabe, 1995; Knight and McCabe, 1997; Ballantyne et al., 2007). From 

this, the centre for ice dispersal for the study area (bearing in mind its geographical 

location in the most north-westerly sector of Donegal) would have been situated in 

the nearby Derryveagh Mountains. Yet to account for ice flow patterns outlined in 

Chapter 4, an ice divide would have to be positioned at least as far south as the 

Bluestack Mountains, making the Derryveigh Mountains redundant as an ice divide. 

This supports Greenwood's (2008) Irish Ice Sheet reconstruction for County 

Donegal. 

 

 

12.3.2. Ice Extent 

 

Charlesworth (1924) envisaged a passage of ice across Donegal onto the continental 

shelf. Morphological and sedimentological observations led a number of workers to 

refine Charlesworth's model and propose only a limited extent of ice, leaving the 

northern coastline ice free during the last glacial maximum (Stephens & Synge, 

1965; Synge, 1969, McCabe, 1985 and Bowen et al., 1986). In recent times, 

extensive continental shelf glaciation has again taken precedent (McCabe, 1995; 

Scourse et al., 2000; Knutz et al., 2001; Bowen et al., 2002; McCabe and Clark, 

2003; Sejrup et al., 2005; Stoker et al., 2006; Ballantyne et al., 2007 Bradwell et al., 
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2008, Brook et al., 2008; Ó Cofaigh et al., 2010, Dunlop et al., 2010). The landform 

assemblages described in this thesis are consistent with an offshore passage of ice. 

All flowsets described in Chapter 5 record an ice sheet advance northwards onto the 

continental shelf, where the ice margin was positioned some distance away from the 

present day coastline. 

 

The flow geometries of the reconstructed ice sheet broadly reflect past models of ice 

flow paths (Charlesworth, 1924; Synge, 1969; Stephens et al., 1975; McCabe, 1987, 

1995). However, what this research has revealed is that the landform assemblage 

reflects a multi-temporal record and cannot or should not be interpreted as the 

product of a single, simple flow pattern. The maximum phase of glaciation was 

inferred from a flowset that showed little regard for local relief. This flowset, 

consisting of streamlined subglacial bedforms, is inferred as belonging to the same 

subglacial system recognised by Ó Cofaigh et al. (2010) just 5 km northwest of Tory 

Island. The connection here between onshore and offshore evidence supports an ice 

flow northwesterly onto and across the continental shelf. Flowsets that migrated as a 

response to the surrounding topography, and/or the opening of calving bays such as 

Mulroy Bay and Lough Swilly, are inferred as having been inscribed under thinning 

ice and deglacial conditions. This directly contradicts McCabe's (1995) ice sheet 

model where the maximum phase of glaciation was marked by six ice streams 

draining the Donegal Highlands and exporting ice offshore through the sea loughs 

along the northern coastline. Indeed, the accumulation of the Barra and Donegal Fan 

suggests growth through ice streams delivering sediment-laden, dense meltwater 

from the ice sheet margin along the Malin Shelf edge. However, this research does 

not find support for such ice streams in the study area. Lateral spatial transitions in 

bedform morphology have been noted and a general convergence of ice flowlines do 

occur. Yet, the lack of evidence for ribbed moraines or mega-scale lineations, the 

lack of any lateral boundary to the apparent ice stream tracks, the strong control 

exerted by the surrounding mountains on bedform patterns and the presence of 

moraines and meltwater channels bordering the flowsets suggests that funnelling of 

the ice through the sea loughs likely relates to deglaciation and not LGM conditions. 

This is consistent with the offshore mapping of the glacial geomorphology of the 

Malin Shelf by Ó Cofaigh et al. (2010) and Dunlop et al. (2010), which indicates the 

moraines in Malin Shelf region are the product of an ice lobe sourced in Scotland 
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and not Ireland. The Barra and Donegal Fan acted as a major zone of confluence 

where ice that flowed onto the shelf from the mouth of Donegal Bay combined with 

ice that flowed across the shelf from western Scotland, indicating that ice advanced 

considerably further than 20 km onto the adjacent continental shelf during the LGM 

(Ballantyne et al.,2007). 

 

 

12.3.3. Ice Retreat 

 

Little attention has been paid to decay configurations of the Irish Ice Sheet in NW 

Donegal. Two competing theories on ice sheet retreat have been proposed; i) steady 

margin retreat with fragmentation into component ice domes and ii) staggered retreat 

punctuated by major marginal readvances. Such readvances are based on the 

configuration of moraines which bound major drumlin fields termed the ‘Drumlin 

Readvance’ (Synge, 1969, 1970), and on chronologically constrained coastal 

stratigraphies (McCabe and Clark, 1998, 2003; McCabe et al., 1998, 2005, 2007). 

The Drumlin Readvance or Killard Point advance has been widely accepted as a 

deglacial model for the entire Irish Ice Sheet (e.g. Knutz et al., 2001; Nygård et al., 

2004; Everest et al., 2006; Shennan et al., 2006; Roberts et al., 2007), yet the 

reconstruction presented here for NW Donegal cannot support this model. There is 

simply no evidence for a readvance either in the geomorphic record, i.e. no 

overprinting of deglacial landform assemblages by subglacial bedforms, or no 

evidence of bulldozing/deformation by ice marginal readvance in the sedimentary 

record. Furthermore, the support for the readavance model is inherently flawed on 

the following grounds: 

 

i) Buried marine sediments along coastal locations forms the theoretical foundation 

for this readvance. These coastal sites are concentrated in Northern Ireland (Co. 

Down and Dundalk Co. Louth) and are sparse and widely distributed for the rest of 

the country. To account for this, the most likely scenario is a regional/local scale 

margin oscillation and specific site encroachment without going so far as to invoke 

total ice sheet reorganisation. 
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ii) Point data at coastal sites have been linked with the onshore ‘drumlin belt’ 

landform suite, inferring that drumlins are the signature and the landform imprint of 

this readvance. Yet, subglacial conditions control drumlin genesis irrespective of 

movement at the ice margin. 

 

iii) Coastal moraines have been put forward as the termination boundary of drumlin 

fields and so these two landforms are believed to be genetically linked. A supposed 

continuation of coastal moraines exists along the northern coastline and this has been 

used to infer the ‘Drumlin Readvance' limit (McCabe et al., 1998). However, it is 

apparent that such a line does not exist in the study area, with identified coastal 

moraines occurring in isolation and not as part of any landform assemblage 

continuation. In addition, recent offshore mapping (Ó Cofaigh et al., 2010 and 

Dunlop et al., 2010) has shown that drumlins exist on the seabed well past the 

inferred ice marginal readvance limit. 

 

iv) The readvance model assumes that coastal moraines are advance moraines 

composed of “bulldozed” sedimentary features formed during ice margin advance. 

Yet the coastal moraines of this reconstruction are inferred as ice margin recessional 

moraines where the ice margin temporarily stabilised on high topography, promoting 

moraine formation during an overall period of ice margin withdrawal. The moraine 

building episode is not associated with drumlin formation and therefore is in 

agreement with other field studies (Meehan, 1999, 2004, 2006). 

 

Based on the above, it is no surprise that a lack of evidence for a readvance of the ice 

sheet across the study area exists. 

 

The second scenario of deglaciation is that of ice fragmentation, which is supported 

by this research. The ice sheet reconstruction presented here describes a deglacial 

model for NW Donegal based on more than one ice sheet lobate. Fragmentation was 

associated with ice reorganisation causing marginal standstills or minor oscillations. 

This is seen not just in the terrestrial record presented here but also in the offshore 

record (Ó Cofaigh et al., 2010). Despite Charlesworth's (1924) proposition of ice 

sheet fragmentation during deglaciation, the specific pattern of ice margin 

withdrawal across the study area has never been given much consideration in the 
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previous literature. From the disposition of glaciofluvial and glaciolacustrine deltas, 

fans, outwash spreads and re-worked sediments in the study area, an ice marginal 

retreat pattern from the north-west to the south can be inferred. Local topographic 

highs restricted the continuous withdrawal southwards of the ice sheet, splitting it 

into separate and semi-independent ice lobes located at the head of Cloghaneely 

corridor and the Gweedore Valley. Interlobate lake basins developed, often flanked 

by moraine successions recording the periodic standstill of the ice margin. This 

decay configuration is not unique for the mountainous areas of Ireland. Instead it is 

very similar to that documented by Knight (2003, 2006) for ice retreat of the Omagh 

Basin and the Tempo/Clogher Valley in County's. Tyrone and Fermanagh, with the 

local interplay between different lobes of ice also revealed in the sedimentological 

record along the south coast of Ireland (Ó Cofaigh and Evans, 2001, 2007). 

 

 

12.3.4. Sea Level Change 

 

This research has provided robust evidence for relative sea-level changes for NW 

Donegal. The geomorphological map presented in Chapter 4 shows a number of 

fossil shorelines that have been observed at varying heights stretching from Horn 

Head in the east to Bloody Foreland in the west, and also includes Árainn Mhór 

Island off the west coast (Figure 4.17). Chapter 9 details the description of a wave-

cut platform (Exposures 2, 6, 8, 9) which is overlain by a raised beach extending 

from Altnapeaste to Currans Port (Exposures 6, 7, 8). 

 

These sites in the study area may correspond to other raised beaches along the 

northern coastline of Ireland, such as the raised beach notches at Kilkeel formed at 

~30 m a.s.l. (McCabe et al., 1986), the raised beach at Templetown formed at ~20 m 

a.s.l., the raised gravel barrier beach on Rathlin Island and the development of high 

shorelines at ~ 30 m a.s.l at Portballintrae (McCabe et al., 1994). This research may 

thus support the assertions of these studies of a net isostatic uplift of 160-170 m and 

a global sea level at ~130 m at deglaciation (Yokoyama et al. 2000) with a minimum 

age for deglaciation of the Northern Irish coast by at least 14.3± 0.2 cal ka (Carter, 

1993). However, it is important to bear in mind that the Northern Irish coast lies in 
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the transitional dynamic zone of the Malin Sea where this region experienced a 

complex glacial history, with influences from ice derived from both Scotland as well 

as from local ice caps (McCabe et al., 1994). Therefore, sea level may have been 

influenced by local glacial-isostatic and eustatic components resulting in differing 

relative sea-level histories over small geographical distances. 

 

 

12.4. Stimulus for Future Research 

 

The previous discussion has explored the success of the new reconstruction in light 

of the existing Irish Ice Sheet literature, and it follows on that this discussion should 

focus on how the reconstruction presented here can be a stimulus for research in the 

future. 

 

This multi-temporal ice sheet reconstruction for NW Donegal represents a 

documentation of the observational record of the last glaciation and yields a two-

dimensional picture of the evolution of the ice sheet in the study area. To secure a 

more complete three-dimensional reconstruction, incorporating a detailed 

examination of the ice sheet's sensitivities to potential forcing mechanisms and to 

understand the ice sheet's role in the wider Earth system, an integration of geological 

and numerical modelling approaches is required. Numerical modelling draws 

together the fundamental principles of ice behaviour at all scales of analysis and 

provides the framework within which the physical laws developed from glacier 

studies can be upscaled and applied to ice-sheet-scale research. The testing, 

comparison and verification of inversion models with numerical models for the Irish 

Ice Sheet is still very much in its infancy, and is an essential development needed for 

an accurate reconstruction of past ice sheet activity. 

 

Recent advances in glacial geology stress the importance of multidisciplinary 

approaches such as combining geomorphology, sedimentology and detailed mapping 

of deformation structures when reconstructing glacigenic depositional environments 

(e.g. Evans and Benn, 2004; Hiemstra et al., 2005, 2008; Rijsdijk et al., 2010). 

Deformation structures provide the critical basis for distinguishing between 
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depositional settings, hydrodynamic conditions and source proximity, and are 

essential when testing one depositional model against another on the basis of 

glacigenic sequences and attempting logical falsification of one or the other 

(McCarroll, 2001; McCarroll and Rijsdijk, 2003). This research provides an 

integrated comprehensive approach to ice sheet reconstruction, including a detailed 

sedimentological analysis. However, the sheer scale of this research does not permit 

a focus of analysis on deformation styles. In respect of their importance in high-

resolution glacigenic process reconstruction, this present work suggests a closer 

examination of deformation processes and structures, allowing the testing of 

postulated hypotheses on their genesis. 

 

Over 28 exposure ages relating to the last Irish Ice Sheet have been reported 

(Ballantyne, 2010), and the pace of research based on exposure dating relating to the 

last glaciation is accelerating. Exposure dating has been used predominantly to 

demonstrate that at the LGM the ice sheet extended offshore, and as a result most 

dating locations have been situated at coastal sites with very few exposure dates 

taken inland. In light of this, exposure ages now need to test the onshore extent of the 

ice sheet. This research presents the first attempt of a new ‘multi-proxy’ approach 

combining relative-age dating by the Schmidt hammer and ‘absolute’ terrestrial 

cosmogenic nuclide dating (
10

Be). Ongoing research needs to address the 

diachronous nature of ice sheet retreat. This can be achieved through a combination 

of the above techniques, which have the potential to not only improve our 

incomplete understanding of deglaciation chronology, but also to explore the role 

played by more local controls on ice sheet behaviour. 

 

This research has demonstrated the way in which geophysical surveying can be used 

to target geomorphological features and to generate sufficient data, especially in 

areas lacking exposures, to aid in the construction of a regional evolutionary model 

of deglaciation. In recent times, offshore geophysical surveys and assessments have 

been used to map, in sometimes astounding detail, a plethora of glacial landforms 

and sediments on the seabed, for example off Antarctica (Anderson et al., 2002; 

Lowe and Anderson, 2003; Mosola and Anderson, 2006; Nitsche et al., 2007; 

Dowdeswell et al., 2008; Larter et al., 2009; Smith and Murray, 2009), Greenland (Ó 

Cofaigh et al.,2004; Evans et al., 2009) and the North Atlantic (Dowdeswell et al., 
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2006; Nygard et al., 2007; Ottesen et al., 2008; Ó Cofaigh et al., in press; Ó Cofaigh 

et al.,2010, Dunlop et al., 2010). It appears, certainly in an Irish context, that this 

rapid pace of glacial landform detection and detailed study offshore is not mirrored 

onshore. Compared with the extensive archive of imagery of exposed ice sheet beds 

obtained from marine geophysics over the last twenty years, progress in using 

geophysical techniques to image Quaternary sediments in terrestrial deglaciated 

landscapes in Ireland has been less marked (Callaghan, 2002; Breen, 2003; Doughan, 

2004; Caloca Casado, 2006; Pellicer, 2010). This is one of the challenges that should 

be addressed in the near future, as a complete understanding of bed/landform genesis 

and evolution, and processes of sediment deformation from both an offshore and 

onshore context, is crucially dependent on it. 

 

 

12.5. Conclusion 

 

Understanding contemporary ice sheet behaviour is crucial for estimating future 

trends (Bamber, 2009). But reliable, large-scale observations of the mass trends of 

contemporary ice sheets do not extend very far back in time, with the earliest dataset 

covering Greenland and 80% of Antarctica beginning only in 1991 (Bamber, 2009). 

Considerable weight and importance has been placed on the apparent increasing 

mass loss from both Greenland and West Antarctica over the last decade (Bamber et 

al., 2007). What is not known is whether this trend represents a response to 

atmospheric and/or oceanic warming (Hansen and Sato, 2011), or whether it is 

simply normal ice sheet variability on a decadal timescale? The observational record 

is simply too short to resolve this issue. 

 

One would expect numerical ice sheet models to provide some answers. However, 

numerical models are currently playing 'catch up' with the observations (Bamber et 

al., 2007). The models assume global mean values (e.g. geothermal heat flux), 

support only a slow ice sheet response time to external forcings (10
3
-10

4
 years) and 

lack information on critical boundary conditions (e.g. ice thicknesses and ice 

velocities). Such constraints limit their use in future predictions of ice sheet changes 

until they improve. 
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The palaeo-record of ice sheet variability, such as the one provided in this research 

can address the important questions that have emerged from the contemporary record 

with sufficient confidence. In the broadest sense, the palaeo-data gathered in this 

research informs us of the nature of ice marginal fluctuations in NW Donegal. Such 

fluctuations reflect the response of the Irish Ice Sheet to a rapidly changing climate 

induced by changes in the Atlantic Meridional Overturning Circulation (Broecker et 

al., 1990; Ganopolski and Rahmstorf, 2001; Clark et al., 2002). This research has 

documented the dynamic nature of the Irish Ice Sheet, the variability of flow over a 

range of timescales and the pattern of ice melt and retreat. It has provided the context 

for the relationship between past ice sheet evolution and associated sea level 

responses. 

 

The knowledge gained from this research on the Irish Ice Sheet can be used to refine 

numerical model parameters. This in turn will hopefully reduce the discrepancies in 

modelled predictions of past ice sheet characteristics and behaviour, all in an effort 

to improve estimates of 21
st
 century ice and sea level change. 

 

 

12.6. Take Home Message 

 

This research has successfully deciphered the geomorphic and sedimentary record of 

the last Irish Ice Sheet in NW Donegal, outlining the implications for glacial 

dynamics and decay configurations. 

 

We have learned that a variety of subenvironments existed beneath the ice sheet in 

NW Donegal whereby glaciological, topographical and geological factors dictated 

their spatial pattern. Areal scour characterises the Rosses and shows that as the ice 

sheet moved across this area it was laterally extensive and fast flowing with an 

ample supply of subglacial meltwater that carved, sculpted and moulded as it 

proceeded. This contrasts to the Derryveagh Mountains, where lithologic and 

structural variations were exploited by the ice sheet, resulting in valley geometries 

being attributed to selective linear erosion where warm-based ice with high ice 

velocities and abundant subglacial meltwater was confined to the glacial troughs. 
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The intervening uplands were characterised by thinner ice and divergent flows that 

sustained frozen-bed conditions with negligible erosion. This contrasts again to the 

coastal lowlands where the dominant process was that of glacial deposition. 

 

We now know that the landforms of NW Donegal possess a multi-temporal record of 

ice sheet dynamics. At or close to last glacial maximum, the ice divide was located 

in the Bluestack Mountains. Subglacial shearing was the main process of forward ice 

motion with an ice flow in a north northwest and northwest direction undeflected by 

topographic relief, arguing against a thin ice sheet during this time. Marine records 

have shown that the ice flowed offshore to a distance of 90 km, as far as the Malin 

Shelf edge where it converged with Scottish ice. Early deglaciation was 

characterised by bedform migration and reorganisation driven by funnelled flow and 

increased ice flux into the sea loughs, first through Mulroy Bay and then through 

Lough Swilly. As deglaciation progressed and the ice thinned, topography played a 

major role in the decay configuration of the ice sheet, resulting in its fragmentation 

into a number of separate and semi-independent ice lobes and valley glaciers. As the 

ice sheet actively retreated southwards, it 'unzipped' into western and eastern lobes 

where substantial glacial lakes formed in the interlobate area as the ice margins 

uncoupled. Subglacial braided networks of channels acted as feeders, flushing 

glaciofluvial sediments to the ice margin. Periods of ice margin stabilisation are 

demarcated by small discontinuous ice-contact moraines. As the ice continued to 

downwaste, thin dead ice aprons existed, resulting in hummocky, chaotic, drowned 

kettle-holed terrain now characteristic of NW Donegal. Permafrost conditions 

prevailed once the ice had contracted and retreated from this region. The observed 

wave-cut platform, raised beach and wave-influenced shallow marine sands along 

the northern coastline would suggest that high relative sea levels existed and perhaps 

accompanied deglaciation. This research has provided a constrained retreat of the ice 

margin from the continental shelf edge to the coastline of NW Donegal by 18.7–19.8 

cal ka BP. 

 

This research has shown that assembling a meaningful multi-proxy dataset is 

valuable in improving the accuracy of the ice sheet reconstruction. It has 

demonstrated the usefulness of geophysical surveying in areas lacking exposures, 

particularly for establishing the depth of unconsolidated sediment. The research has 
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suggested the need for combining electrical resistivity surveying with ground 

penetrating radar for a high-resolution picture of the internal architecture of the 

subsurface. This research is the first attempt in an Irish context to combine absolute 

and relative dating techniques for geochronological applications. In doing so, the 

Schmidt hammer has shown to be especially helpful at crosschecking the choice of 

boulders for cosmogenic analysis and efficiently reducing the number of samples 

necessary for a reliable chronology. The new reconstruction presented in this thesis 

is a framework for future investigations, and the testing of proposed ice models using 

evidence-based or numerical techniques directed at ice sheet geometry and 

behaviour. 
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Appendix A 
This appendix presents a representative sample of fabric data obtained for this research. 50 

clasts were sampled for each Scatter Plot and 2D Rose diagram shown. 

Figure A2 Scatter Plot and Rose Diagram, Face 2, Gweedore Pit II. 

 

Figure A1 Scatter Plot and Rose  Diagram, Face 1, Gweedore Pit I. 

 

Figure A3 Scatter Plot and Rose Diagram, Face 3, Gweedore Pit II. 
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Figure A4 Scatter Plot and Rose Diagram, Face 1, Gweedore Pit III. 

 

Figure A5 Scatter Plot and Rose Diagram, Face 1, Gweedore Pit IV. 

 

Figure A6 Scatter Plot and Rose Diagram, Face 1, Lough Neill Pit I. 
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Figure A7 Scatter Plot and Rose Diagram, Face 1, Lough Neill Pit I. 

 

Figure A8 Scatter Plot and Rose Diagram, Face 2, Lough Neill Pit I. 

 

Figure A9 Scatter Plot and Rose Diagram, Face 1, Lough Neill Pit II. 
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Figure A10 Scatter Plot and Rose Diagram, Face 2, Lough Neill Pit II. 

 

Figure A11 Scatter Plot and Rose Diagram, Face 2, Lough Neill Pit II. 

 

Figure A12 Scatter Plot and Rose Diagram, Expsoure 1, Lough Neill Valley. 
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Figure A13 Scatter Plot and Rose Diagram, Expsoure 2, Lough Neill Valley. 

 

Figure A14 Scatter Plot and Rose Diagram, Expsoure 4, Lough Neill Valley.  

 

Figure A15 Scatter Plot and Rose Diagram, Expsoure 5, Lough Neill Valley.  
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Figure A16 Scatter Plot and Rose Diagram, Face 1, Lough Neill Pit III. 

 

Figure A17 Scatter Plot and Rose Diagram, Face 2, Lough Neill Pit III. 

 

Figure A18 Scatter Plot and Rose Diagram, Face 2, Lough Neill Pit III. 
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Figure A19 Scatter Plot and Rose Diagram, Face 3, Lough Neill Pit III.  

 

Figure A20 Scatter Plot and Rose Diagram, Face 4, Lough Neill Pit III.  

 

Figure A21 Scatter Plot and Rose Diagram, Face 4, Lough Neill Pit III.  
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Figure A22 Scatter Plot and Rose Diagram, Exposure 1, Glasagh. 

 

Figure A23 Scatter Plot and Rose Diagram, Exposure 2, Glasagh. 

 

Figure A24 Scatter Plot and Rose Diagram, Exposure 4, Glasagh. 

 



400

Figure A25 Scatter Plot and Rose Diagram, Face 1, Glasagh Pit . 

 

Figure A26 Scatter Plot and Rose Diagram, Exposure 6, Glasagh Exposures V-VIII. 

 

Figure A27 Scatter Plot and Rose Diagram, Exposure 7, Glasagh Exposures V-VIII. 
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Figure A28 Scatter Plot and Rose Diagram, Exposure 8, Glasagh Exposures V-VIII. 

 

Figure A29 Scatter Plot and Rose Diagram, Exposure 1, Northern Coastline. 

 

Figure A30 Scatter Plot and Rose Diagram, Exposure 2, Northern Coastline. 
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Figure A31 Scatter Plot and Rose Diagram, Exposure 4, Northern Coastline. 

 

Figure A32 Scatter Plot and Rose Diagram, Exposure 5, Northern Coastline. 

 

Figure A33 Scatter Plot and Rose Diagram, Exposure 9, Northern Coastline. 
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Figure A34 Scatter Plot and Rose Diagram, Exposure 10, Northern Coastline. 

 

Figure A35 Scatter Plot and Rose Diagram, Exposure 11, Northern Coastline. 

 

Figure A36 Scatter Plot and Rose Diagram, Exposure 12, Northern Coastline. 
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Appendix B 
This appendix presents a representative sample of clast lithological data obtained for this 

research. 100 clasts were sampled for each pie chart shown. 

Figure B1 Clast lithology, Face 1, Gweedore Pit I. 

 
Figure B2 Clast lithology, Face 2, Gweedore Pit II. 

 

Figure B3 Clast lithology, Face 3, Gweedore Pit II. 

 
Figure B4 Clast lithology, Face 1, Gweedore Pit III. 

 

Figure B6 Clast lithology, Face 1,  

Lough Neill Pit I. 
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Figure B5 Clast lithology, Face 1,  

Gweedore Pit IV. 
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Figure B7 Clast lithology, Face 1,  Lough 

Neill Pit I. 

 

Figure B8 Clast lithology, Face 2,  Lough 

Neill Pit I. 

 

Figure B9 Clast lithology, Face 1,  Lough 

Neill Pit II. 

 

Figure B10 Clast lithology, Face 2,  Lough 

Neill Pit II. 

 

Figure B11 Clast lithology, Face 2,  Lough 

Neill Pit II. 

 

Figure B12 Clast lithology, Lough Neill, 

Exposure 1. 
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Figure B13 Clast lithology, Lough Neill, 

Exposure  2. 

 

Figure B14 Clast lithology, Lough Neill, 

Exposure  4. 

 

Figure B15 Clast lithology, Lough Neill, 

Exposure  5. 

 

Figure B16 Clast lithology, Lough Neill Pit 

III, Face 1. 

 

Figure B17 Clast lithology, Lough Neill Pit 

III, Face 2. 

 

Figure B18 Clast lithology, Lough Neill Pit 

III, Face 2. 
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Figure B19 Clast lithology, Lough Neill Pit 

III, Face 3. 

 

Figure B20 Clast lithology, Lough Neill Pit 

III, Face 4. 

 

Figure B21 Clast lithology, Lough Neill Pit 

III, Face 4. 

 

Figure B22 Clast lithology, Glasagh 

Exposure 1. 

 

Figure B23 Clast lithology, Glasagh 

Exposure 2. 

 

Figure B24 Clast lithology, Glasagh 

Exposure 4. 
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Figure B25 Clast lithology, Glasagh Pit  

Face 1. 

 

Figure B26 Clast lithology, Glasagh 

Exposure 6. 

 

Figure B27 Clast lithology, Glasagh 

Exposure 7. 

 

Figure B28 Clast lithology, Glasagh 

Exposure 8. 

 

Figure B29 Clast lithology, Northern 

Coastline,  Exposure 1 

 

Figure B30 Clast lithology, Northern 

Coastline,  Exposure 2 
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Figure B31 Clast lithology, Northern 

Coastline,  Exposure 4 

 

Figure B32 Clast lithology, Northern 

Coastline,  Exposure 5 

 

Figure B33 Clast lithology, Northern 

Coastline,  Exposure 9 

 

Figure B34 Clast lithology, Northern 

Coastline,  Exposure 10 

 

Figure B35 Clast lithology, Northern 

Coastline,  Exposure 11 

 

Figure B36 Clast lithology, Northern 

Coastline,  Exposure 12 
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Appendix C 
This appendix presents a representative sample of clay mineralogical data obtained for this 

research, displayed as X-Ray Diffraction Plots. 

Figure C1 Clay mineralogical data , Sample 1, Gweedore. 

Figure C2 Clay mineralogical data , Sample 2 Gweedore. 
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Figure C3 Clay mineralogical data , Sample  Lough Neill Pit I. 

Figure C4 Clay mineralogical data , Sample 4 Lough Neill Pit I. 
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Figure C5 Clay mineralogical data, Sample 5 Lough Neill Pit II.  
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Appendix D 
This appendix presents photographs of specific sedimentary structures referred to in this 

thesis.  

Figure D1 Sinusoidal rippled laminations in fine sand and silt grading into more wavy bedded massive medium 

sand and silts. Lough Nacung Pit, Face 1. 

Figure D2 Angular to subangular clasts draped over by coarse-granular sand matrix. Lough Nacung Pit, Face 2. 
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Figure D3 Bedrock at Gweedore Pit II, Face 1 is burnt orange in colour, breaks away easily and crumbles into a 

granular sand when touched, overlain by a light brown overconsolidated diamicton.  

Figure D4 The quartzite has sub-horizontal joints, overlain by a coarse breccia which itself is incorporated into 

an overlying diamicton. Gweedore Pit II, Face 2.  

Figure D5 A fine sand matrix that coats all clasts within the uppermost facies. Gweedore Pit II, Face 2.  
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Figure D6 A recumbent fold present at the facies contact at Gweedore Pit II, Face 3.  

Figure D7 A bedrock raft forms part of a large nappe-like fold structure at Gweedore Pit III, Face 1.  

Figure D8 Flat-topped clasts held in a fine grain matrix, Gweedore Pit IV, Face 1.  
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Figure D9 Intense weathering of the bedrock at Gweedore Pit IV, Face 3. 

Figure D10 Discontinuous clast-dominated cobble lenses stretch up into the diamicton at Lough Neill Pit I,  

Face 1. 

Figure D11 A clastic dyke and ice wedge. Lough Neill Pit I,  Face 2. 
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Figure D12 A sand plume at Lough Neill Pit I,  Face 2. 

Figure D13 Two clastic dyke that appear to be rooted in the contact between the facies 

at Lough Neill Pit I,  Face 3. 

Figure D14 Weather bedrock which grades downwards into orange-pink granular 

gruss. Mottling of a pinkish-red colour is evident. Lough Neill Pit II,  Face 1. 
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Figure D15 Poorly sorted, imbricated gravels indicative of longitudinal bars of 

meltwater channels. Lough Neill Pit II,  Face 1. 

Figure D16 Asymmetrical channel feature infilled with a combination of planar cross-

bedded and horizontally bedded medium sands. Lough Neill Pit II,  Face 2. 

Figure D17 Alternating gravel facies of Exposure 3 in the Lough Neill Valley is 

interpreted as the result of avalanching processes mainly controlled by debris-fall 

mechanics.  
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Figure D18 Sheets of parallel bedded sands and clast-supported, pebble and cobble 

gravel dipping west to northwest. Lough Neill Valley, Exposure 5. 

Figure D19 Clustering of small to medium sized, clast-supported boulders that are 

aligned in a near-vertical position. Lough Neill Pit, Face 1. 

Figure D20 Clast-supported and frequently openworked gravels of  Lough Neill Pit, 

Face 2. 
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Figure D21 Flasey, wavy laminations of  Lough Neill Pit, Face 3. 

Figure D22 Large outsized boulders exclusively of granite are observed at Glasagh 

Exposure 1. 

Figure D23 Gravel beds that form scour fills that prograde over the finer facies below 

at Glasagh Exposure 3. 
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Figure D25 Diamict assumes a veneer-like form across the top of the large clasts at 

Glasagh Pit, Face 1. 

Figure D26 In situ corestone to the right of the photograph that retain the granitic 

crystalline structure but has beeen severely weathered. Glasagh Exposure 5. 

Figure D27 Frequent outsized boulders that project through bed boundaries of 

Exposure 1, Altawinny Bay, Northern Coastline. 
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Figure D28 A boulder pavement consisting of a continuous line of closely packed 

boulders that extend laterally for 31 m across Exposure 2, Altawinny Bay, Northern 

Coastline. 

Figure D29 The parallel laminated silts, granular sand lags along scour surfaces, planar 

cross-bedded coarse sand, laminated silt disturbed in places by intraformational dish 

and pillar structures, horizontally granule beds with intraclasts of silt and contorted and 

convoluted laminations of Exposure 1, Altawinny Bay, Northern Coastline. 
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Figure D30 Vertically orientated clasts and involutions at Exposure 3, Ranaghroe 

Point, Northern Coastline. 

Figure D31 Honeycomb structure of weathered granitic corestones supported in an 

openwork of pebble to cobble at Exposure 5, Ranaghroe Point, Northern Coastline. 

Figure D32 The remnant of a granitic rock platform consisting of consolidated 

blackened weathered growan with a well-planed upper surface above modern beach 

level at Exposure 6, Altnapeaste, Northern Coastline. 
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Figure D33 A raised beach at Exposure 7, Altnapeaste, Northern Coastline. 

Figure D34 An alternative view of the raised beach that stretches along the Northern 

Coastline at Altnapeaste. 

Figure D35 The degree of sediment sorting of the raised beach at Exposure 7, 

Altnapeaste, Northern Coastline. 
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Appendix E 
This appendix presents un-annotated and zoomed-in versions of the images used in Chapters 

4 and 5 displaying the glacial features of the study area upon which the ice sheet 

reconstruction in Chapter  11is based. 

Figure E1 Un-annotated Figure 4.7 showing inconsistencies in drumlin orientation in the study area. 
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Figure E2 Un-annotated Figure 4.8 showing drumlins trending in a north-south direction in the study area. 
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Figure E3 A zoomed-in image of the Crag and Tails in the north of the study area that constitute just 3% of all 

subglacial bedforms recorded in NW Donegal ,shown in Figure 4.9. 

Figure E4 A zoomed-in and un-annotated image of whalebacks in the study area that form a down valley 

extension of the crag and tails, as shown in Figure 4.10. 
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Figure E5 A zoomed-in and un-annotated image of streamlined bedrock that records ice flow channelled by the 

Crocknafarragh and Crovehy North Mountains as the ice moved north-westwards offshore ,as shown in Figure 

4.11. 

Figure E6 A zoomed-in and un-annotated image of the large moraine belts mapped in the study area, as shown 

in Figure 4.13.  
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Figure E7 A zoomed-in and un-annotated image of the small morainic ridges mapped in the study area, as 

shown in Figure 4.13. 

Figure E8 A zoomed-in and un-annotated image of the meltwater channels of NW Donegal that penetrate 

deep into the mountain massifs where other bedforms are sparse, as shown in Figure 4.14.  
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Figure E9 A zoomed-in and un-annotated image of the lateral meltwater channels evident on Tievealehid 

Mountain and surrounding area, as shown in Figure 4.14.  

Figure E10 A zoomed-in and un-annotated image of the distribution of meltwater channels at Croghaderry 

Highland in the north northeast of the study area, as shown in Figure 4.15. 
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Figure E12 A zoomed-in and un-annotated image of the kame terrace at Tievealehid Mountain in the study 

area, as shown in Figure 4.16. 

Figure E11 A zoomed-in and un-annotated image of the distribution of hummocks in the study area, as 

shown in Figure 4.16. 
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Figure E13 A zoomed-in and un-annotated image of distribution of kettle holes in the study area, as shown in 

Figure 4.16. 

Figure E14 A zoomed-in and un-annotated image of a section of fossil shoreline along the northern coastline 

in the study area, as shown in Figure 4.16. 
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Figure E15 A zoomed-in and un-annotated image of the lineation pattern used to identify Lins fs1 and Lins fs2 

in the study area, as shown in Figure 5.6. 
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Figure E16 A zoomed-in and un-annotated image of the lineation pattern used to identify Lins fs2 and Lins 

fs3 in the study area, as shown in Figure 5.7. 

 


