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Abstract 
 

The reconstruction of marine-based paleo ice sheet dynamics can reveal long-term ice 

sheet activity, and in turn provide constraints on the response of modern marine ice 

sheets (e.g. the West Antarctica Ice Sheet) to climate change. The marine-
terminating Hebrides Ice Stream (HIS) flowed across the western Scottish shelf 

during the last glacial maximum (30-24 ka) and drained a large portion of the 
northern sector of the British Irish-Ice Sheet (BIIS), affecting its stability. 

This thesis aims to examine how the HIS evolved and interacted with the 
changing climate and the underlying landscape after 27 ka. The work is subdivided 

into: a) an investigation of modern high-resolution bathymetry data coupled with 
seismic data with the aim of reconstructing deglacial dynamics; b) the analysis of Pb 

isotopic composition in sediment cores on the shelf in order to locate glacial sediment 

provenance; c) a study of Hebrides shelf core sedimentology and microfaunal 
assemblage to reconstruct Lateglacial paleoenvironmental changes. 

A three-stage deglacial pattern, where topography played a critical role, is 
defined: i) ice stream margin retreat punctuated by standstills, ii) topography-

controlled fjordic retreat, with evolution from a coherent ice-sheet to separate fjord 
tidewater glaciers, and iii) a stabilisation at the transition from tidewater to land-

based ice margins. Between 21 and 15 ka, fine-grained sediments transported by 
meltwater plumes were the product of erosion of Neoproterozoic basement, while the 

coarse-grained sediments were instead sourced from island igneous rocks. These 

results indicate prevailing sediment input from NW Scotland. Lateglacial sediment 
deposition was strongly influenced by shelf currents and shows wide variation. 

Therefore, the seismic and sedimentological interpretations need to be considered only 
on a local scale. Glacimarine sandy deposits in the Muck Deep region support a 

prolonged glacial occupancy until the latest stages of GS-1 (12.8-11.7 ka), and are at 
odds with recent studies indicating earlier glacial retreat. 

The thesis demonstrates the complex interactions between BIIS evolution, 
subglacial landscape and ocean dynamics. The outcome of this research can be useful 

to inform future numerical reconstructions. 
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1. INTRODUCTION 
 

1.1. Rationale 
 

A renewed interest in Quaternary geology over the last decades has its origins in the 

development of new geological survey techniques and the very pressing challenge to 

better understand climatic change. The concern for recent atmospheric CO2 and 

global temperature increase has made many scientists wonder if there have been 

similar climatic conditions in the past 2.6 million years and, if so, what we can learn 

from past climatic variability. The crucial question that arises is: how will the ice 

sheets in Antarctica and Greenland respond to the modern climatic changes? This 

question is of great importance as the modern cryosphere is a very dynamic entity, 

capable of storing and releasing large volumes of water, driving sea-level fluctuations 

(Gregoire et al., 2012; Meier et al., 2007) and influencing ocean circulation (Teller et 

al., 2002). The most important elements in ice-sheet systems, which are receiving 

much attention in the glaciological and palaeoglaciological community, are arguably 

ice streams. Ice streams are regions within a grounded ice sheet in which ice flows 

much faster than in regions on either side (Benn and Evans, 2010; Stokes and Clark, 

2001); their activity largely affects not only the stability of the ice sheet but also its 

influence –input of fresh water and ice rafted detritus (IRD)- on the ocean circulation 

and climate (Bennett, 2003). Already Joughin et al. (2002), Cook (2005), Pritchard et 

al. (2009), Joughin et al. (2014) and other studies have shown recent and ongoing 

changes in polar ice masses, including variations in ice stream flow, rapid ice mass 

thinning and ice stream or glacier front retreat, and switches in subglacial processes. 

In order to understand these changes, in the last few years increasing emphasis has 

been placed on studying physical processes at the ice–ocean interface, particularly in 

the marine-based West Antarctica Ice Sheet (WAIS), and on determining how these 

affect ice-sheet stability (Bingham et al., 2012; Brisbourne et al., accepted; Carr et 

al., 2015; Jamieson et al., 2014; Ross et al., 2012). However, this approach remains a 
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major challenge, due to the logistical constraints imposed by working in polar waters 

and ice-shelf cavities (Ó Cofaigh et al., 2012).  

A partial solution to this problem is the study of the extent and flow dynamics 

of the Quaternary mid-latitude counterparts of the modern polar ice sheets, by means 

of marine geophysical and geological records of landforms and sediments on glacier-

influenced continental margins (Ó Cofaigh et al., 2012). One of the historically most 

studied paleo ice sheets is the one that covered the British and Irish isles, the British-

Irish Ice Sheet (BIIS), whose western sector was mainly marine-based (Sutherland, 

1984).  

Improved multibeam echo sounder (MBES) imagery allows the seabed to be 

fully imaged at a scale and resolution comparable to terrestrial remote sensing 

systems (often with a pixel resolution of 10 m and height accuracy of ± 1.0 m) 

(Bradwell et al., 2008c; Dove et al., 2015; Dunlop et al., 2010; Howe et al., 2015; Ó 

Cofaigh, 2012). This technology has led to the accumulation of a new wealth of high-

resolution data. The combined effort of independent projects, for instance the 

Maritime and Coastguard Agency’s Civil Hydrography Programme (UKHO), the 

INIS Hydro project, the Irish National Seabed Survey (INSS) & INFOMAR, and the 

availability of the OLEX bathymetric database has provided the systematic mapping 

of vast areas on the British and Irish continental shelf, that have revealed a plethora 

of previously unmapped submarine glacial landforms. This hidden geomorphological 

record has further developed the understanding researchers had of the last BIIS, 

arguably closing the long-standing dispute between a small and relatively static ice 

body, mainly constricted on dry land (Bowen et al., 2002; Sutherland, 1984) versus a 

much bigger and dynamic ice sheet extending all the way to the continental margin 

(Chiverrell and Thomas, 2010; C. D. Clark et al., 2012), hence very susceptible to 

sea-level and temperature changes causing a fast oscillation of its boundaries. 

The subsurface sediment type, thickness and general seismic architecture of 

continental shelves has also been explored for several decades (Binns et al., 1974; 

Hogan et al., 2012; Sacchetti et al., 2013; Stoker, 1998; Syvitski, 1991) providing 

extensive and detailed stratigraphic records. The stratigraphy has been 
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complemented by suites of sedimentological, biostratigraphical and more recently 

geochemical analyses of boreholes and cores at numerous point localities. In 

particular, the development of ice-rafted debris (IRD) study and geochemical tracer 

analysis (Bailey et al., 2013; Foster and Vance, 2006; Frank, 2002; Gwiazda et al., 

1996a; Hemming, 2004) have represented a major step forward into the 

understanding of ice-sheet evolution. 

On the other hand, these advantages are curtailed by several difficulties. The 

time-transgressive nature of glaciers creates superimposition of new on older bedforms 

(palimpsests) (Finlayson et al., 2014; Livingstone et al., 2012), or partial to total 

reworking/erosion of older forms. However, while onshore sedimentary record and 

continental interiors are particularly affected by the erosional processes of younger 

glacial advances, and usually only the youngest forms and records are preserved, 

glacimarine sequences have usually greater preservation potential, especially in 

subsiding basins (Benn and Evans, 2010). These areas need nevertheless to be 

carefully scrutinised, as in addition to ice, also marine currents and other submarine 

processes can alter or disrupt the record.  

The growing collection of mapped landforms and dates for the BIIS, make it 

possible to produce relatively accurate reconstructions of ice sheet evolution through 

growth and decay cycles over 1-40 ka, giving insights into the style, scale and speed 

of long-term and macro-scale fluctuations in ice mass organisation (Bowen et al., 

2002; C. D. Clark et al., 2012; Hughes et al., 2016, 2014, 2011). The acquisition of 

empirical data provides in turn the basis on which numerical simulations are 

constructed. The simulations in turn deliver useful information about the potential 

sensitivity, or stability, of components of past ice sheets (Boulton and Hagdorn, 2006; 

Hubbard et al., 2009; Shennan et al., 2006b; Ward et al., 2016), and consequently 

predict the future behaviour of modern systems. 

In conclusion, marine regions of paleo ice sheets yield valuable information 

about the sedimentology and patterns of sediment movement during several glacial 

cycles, which in turn help to understand ice movement mechanisms and subglacial 

and proglacial environments at long time scales.  
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1.1.1. GLANAM and modern Quaternary research in UK and 

Republic of Ireland 

 

Understanding the evolution and nature of the BIIS is of considerable importance to 

European academia, industry and society. In particular, in terms of climate research, 

its marine margins can provide a comparison with the WAIS (Bradwell et al. 2008; 

Clark et al. 2012). The study of the geomorphological, geophysical and 

sedimentological imprint left by the BIIS has also considerable economic and societal 

importance. Notably, the impact of ice sheet oscillations in offshore settings has 

implications for fluid flows and hydrocarbon exploration (e.g. Doré & Jensen 1996). 

Erosion and glacio-isostasy may affect the temperature-pressure gradients and thus 

alter the maturation or production of hydrocarbons (Henriksen et al., 2011; 

Winsborrow et al., 2016). Moreover, it is of direct interest for offshore site and hazard 

assessment in relation to planning and development of marine infrastructure projects 

including offshore oil and gas, onshore renewables (wind, wave, tidal), fish farms, 

cables and aggregate extraction. Finally, the impact of glaciation on the seabed is 

significant to the distribution of marine life, thus affecting fisheries and the location 

and designation of Marine Protected Areas. 

As stated earlier, technology and the parallels with WAIS behaviour have 

triggered a renewed interest in the BIIS. The BRITICE database compiled in 2004 

(D. J. A. Evans et al., 2005) was the first attempt to accumulate geomorphological 

and glaciological data from the BIIS presenting a model from which derive large-scale 

ice sheet reconstructions. The collection pointed out also the parts of the paleo ice-

sheet where sufficient data was missing or remained undescribed. Recently, the 

BRITICE-CHRONO (C. D. Clark et al., 2012; Hughes et al., 2014) and GLANAM 

projects are the prominent efforts to fill in the existing knowledge gaps. 

BRITICE-CHRONO is a 5-year long NERC-funded consortium of more than 40 

researchers with the aim of collecting and dating material to constrain the timing and 

rate of change of the collapsing BIIS (www.britice-chrono.org). From 2013 a series of 

extensive sampling campaigns have been carried out both on land and offshore. Two 

month-long scientific cruises aboard the RRS James Cook in 2014 and 2015 permitted 



Chapter I: Introduction 

 

5 
 

the collection of a great amount of data, both in terms of geophysical surveys and 

sediment cores from the previously poorly explored British and Irish shelf. Hundreds 

of radiocarbon ages from the cores, coupled with a re-appraisal of the shelf 

stratigraphy will arguably provide the best constrained ice-sheet to date. The 

preliminary results of the BRITICE-CHRONO campaigns are published as this 

manuscript is being written, therefore only part of new interpretations is here 

included and correlated to the work performed for this project. 

GLANAM (GLAciated North Atlantic Margins) is an Initial Training Network 

(ITN) whose aims and objectives are related if not complementary to BRITICE-

CHRONO. GLANAM is funded under the EU Marie Curie Programme and comprises 

ten research partners from Norway, UK and Denmark, employing 15 early career 

researchers to undertake a co-ordinated research programme on the Glaciated North 

Atlantic Margins. Through this international network the early career researchers 

perform multi-disciplinary research and receive training through interconnected work-

packages that collectively address knowledge gaps related to the large, glacial age, 

sedimentary depo-centres on the North Atlantic Margin. The overarching scientific 

goal of GLANAM is to determine the controls on the development in time and space 

of glaciated continental margins with specific reference to the North Atlantic. This 

goal is broken down into specific objectives, the most relevant for the purpose of this 

individual project being: “to contribute to the understanding of the extent, timing 

and rates of decay of marine-based ice sheets” (www.glanam.org – project-objectives). 

This was particularly the case for the NW British margin where despite over a 

century of research, our understanding of the associated shelf record of glaciations 

and, in particular, the extent and timing of ice sheet advance and retreat remained, 

up until one year ago, rudimentary. 
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1.2. Objectives and study area 
 

As part of GLANAM, this Thesis aims to examine the south-western Scottish shelf. 

Taking advantage of a wide spectrum of modern techniques and new datasets, this 

project investigates the timing and dynamics of final disintegration of the last BIIS 

from Late Glacial Maximum (LGM) (ca. 27 ka), to the commencement of Holocene 

across western Scotland. This provides a new insight into the dynamics of the BIIS in 

the mid-shelf region, which constitutes a missing part in the jigsaw of BIIS 

reconstruction during the last deglaciation. 

Before listing the objectives it is necessary to introduce the study area. On a 

broader scale, the area comprises the marine regions of the eastern Malin Sea, the 

southern part of the Sea of the Hebrides and the sea lochs adjacent to the Inner 

Hebrides, in particular the Firth of Lorn and Sound of Jura (Figure 1.1). However, 

particular emphasis is given to the region that extends from the Isle of Tiree to the 

waters nearby the western coast of the Isle of Islay, and following the coasts of the 

Isle of Mull and Isle of Jura it reaches the Firth of Lorn up to the Isle of Kerrera. For 

the purposes of clarity, this region will be addressed hereafter as “southern Inner 

Hebrides”. In the same figure boxes around the Malin Sea, the Muck Deep, Firth of 

Lorn and Loch Etive indicate other areas where extensive work has been carried out 

(see 1.3.1). 
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Figure 1.1 - Map of the study area showing the most recurrent toponyms 
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The study area, and in particular the southern Inner Hebrides region, is ideally suited 

for a detailed examination for three main reasons:  

i) during the last glacial-interglacial period in this area the ice is known to 

be marine terminating (Dove et al., 2015; Lambeck, 1995; Sejrup et al., 

2005; Wilson et al., 2002). Tidewater glaciers have the potential to 

influence internal ice-sheet dynamics and mass balance through the rate 

of calving at the margin (Benn et al., 2007; Nick et al., 2010) while the 

general stability of the margin itself is controlled also by the topography 

at their base as suggested by studies in the WAIS (Kleman and 

Applegate, 2014; Ross et al., 2012). Reconstructing these “delicate” 

calving margins and understanding the geomorphological control can 

inform studies on much larger scale ice-sheet behaviour and add useful 

information for modern situations. 

ii) the Firth of Lorn and Sound of Jura were possibly major drainage 

conduits for ice flowing from the important source area over the Scottish 

Highlands, and part of the onset zone for the Hebrides Ice Stream (HIS) 

(Dove et al., 2015; Dunlop et al., 2010; Howe et al., 2015, 2012; Scourse 

et al., 2009). Ice streams are the key to understanding why the BIIS was 

so responsive to climate, yet little is known about the sources, behaviour 

and timing of ice to the HIS, active in western Scotland during the 

Devensian. 

iii) a fully developed marine Devensian stratigraphy and a systematic 

geochronology on the offshore sediments of the region is still lacking. A 

limited suite of 1970-1980 14C dates on shells, mainly from onshore and 

loch deposits exist for the area around the Firth of Lorn (Gray, 1975; 

Gray and Brooks, 1972; Peacock, 1971a) in addition to radiocarbon ages 

obtained from BGS boreholes (Harkness and Wilson, 1974; Peacock et 

al., 2012). Recently, some more exposure ages using cosmogenic isotopes 

are being derived on the Inner Hebrides (Small et al., submitted). A more 

complete geochronological constraint of the area is indispensable for the 



Chapter I: Introduction 

 

9 
 

purpose of the reconstruction of the BIIS. This problem is also being 

addressed by BRITICE CHRONO (Hughes et al., 2016, 2011).  

Within this context and considering the above-mentioned problems and gaps, this 

PhD is addressing the following questions:  

1. How dynamic was the Hebrides Ice Stream during the last deglaciation? How 

did the ice margin evolve? 

2. Were there major standstills or re-advances during deglaciation? What 

was(were) the cause(s) of such events? 

3. How did the paleoenvironment of offshore western Scotland respond to the 

changing conditions during the Lateglacial? 

 

In summary this research focuses on the reconstruction of the dynamic history 

of the Late Devensian ice margin on the inner western Scottish shelf. 

Geomorphological data is integrated to stratigraphic correlations of the glacial and 

post-glacial deposits in order to investigate the glacial sequence left by the retreat of 

the HIS. The interpretations eneble the reconstruction of a more accurate model of 

ice sheet retreat in the area and will benefit the development of predictive numerical 

models for the BIIS. In turn these models can provide answers to the lingering 

questions on modern ice sheets mentioned earlier in the text, and shed a light on the 

future of the world’s climate. 
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1.3. Layout of the thesis 
 

The body of the thesis is divided in four article-style chapters, complemented by 

three published papers, focusing on results from different sectors of the study area 

and progressively younger periods. Each result chapter has its main interpreted 

dataset deriving from one or two main methodologies applied, with other datasets 

acting as complements or support. For example, Chapter 3 is based on 

geomorphology and seismic stratigraphy and it is complemented by sedimentological 

data. A common thread links all four chapters and three papers and produces a 

consistent narrative. This common thread is the reconstruction of the deglaciation in 

the marine sector of western Scotland from the Last Glacial Maximum to the onset of 

the Holocene. 

From the first to last chapter, the text follows the progressive withdrawal of the 

ice margin, focusing on the effects of the retreat on the scenery and the evolution of 

the Scottish palaeoenvironment across the highly changing Lateglacial period. In 

more concrete terms, the reader will obtain information on: the configuration of the 

retreating ice margin and sediment architecture between 20 and 16 ka in Chapter 3; 

the weathering fluxes and sediments input that the ice-sheet produced at the same 

time in Chapter 4 (~23 – 15 ka); the final stages of retreat and palaeoenvironmental 

conditions in Chapter 5 and 6 (14 – 10 ka). 

The section below is a summary of the four chapters (3-6) and the three 

publications (Appendix I). The second half of this chapter contains a brief literature 

review, with a summary of bedrock geology and a more detailed critical analysis of 

the state of the art of the Late Devensian in western Scotland. The Methodological 

Approach chapter (2) briefly describes the theory and use of the laboratory 

techniques and software. Due to the wide geographical and methodological scope of 

this thesis, additional background and propaedeutic information (e.g. specific 

literature, technical details on the methods applied, etc.) is given in each result 

chapter. All the interpretations from each result chapter is then summarized and 
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connected to the big picture in the Discussion, (Chapter 7), with the aim of 

answering the three questions given previously.  

Supplementary material obtained during the three years of the PhD is provided 

in the Appendixes. The content is the following: 

 

• Appendix I – Publications. The contributions of the author for each 

publication are specified below 

• Appendix II - Seismic data: annotated and complete pinger lines. ArcMap 

geomorphology shapefiles are provided on CD. 

• Appendix III – Sedimentology data. BGS borehole reports and plans for 

the coring cruise carried out in the Firth of Lorn. Results from multi-sensor 

core logging (MSCL), particle size analysis (PSA), foraminifera counts and 14C 

dating are provided as excel or pdf files on CD. 

• Appendix IV – Geochemistry data. All tables and procedures for 

geochemical studies. The literature review of Pb data for western Scotland is 

provided as an excel table on CD. 

 

 

1.3.1. Summary of work and author contribution 

 

CHAPTER III (partly published in Quaternary Science Reviews, see Appendix I) 

Title: Deglaciation of offshore southwestern Scotland: an integrated 

reconstruction 

Main datasets: bathymetry data, seismic data 

Secondary datasets: core data 

The first chapter will tackle the geomorphological and stratigraphic 

reconstruction of deglaciation in the southern Inner Hebrides region (Figure 1.2), 

with a particular focus on the period between ~20 ka to ~13 ka and an in-depth 

literature review of the area during that time. As the ice front retreated north-

eastwards through the entrance of Firth of Lorn and Sound of Jura it left clear 
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landforms and deposited two main glacimarine sequences that are described as 

formations. The dearth of lithological data from the outer Firth permits only 

tentative correlations between the formations and lithological units, nonetheless novel 

interpretations are made using both new and legacy data. For the first time a direct 

correlation between the geomorphological and seismostratigraphical records is drawn 

in the area. This study is closely linked to Chapter 4 and 6. The results and 

hypotheses presented in this chapter are tested and re-assessed by geochemical 

analyses on shelf cores in Chapter 4. In Chapter 6 the history of deglaciation, that is 

described in this chapter until about 13 ka, advances chronologically and the 

investigations in the Firth of Lorn are described more accurately.  

Author contributions: The author performed the geomorphological and 

seismo-stratigraphical analyses, interpreted the results and wrote the chapter under 

the supervision of Dayton Dove, John Howe and Colm Ó Cofaigh, between SAMS 

and BGS Edinburgh. Base bathymetry xyz files were elaborated to raster files with 

the help of Steve Gontarek and Dayton Dove. Dayton Dove provided the BGS 

geophysical and borehole record and was involved in numerous discussions in the set-

up of the research.  

 
CHAPTER IV (published in Marine Geology) 

Title: Weathering fluxes and sediment provenance on the SW Scottish 

shelf during the last deglaciation 

Main datasets: geochemistry data (Pb, Sr, Nd isotopes, major/trace metals) 

Secondary datasets: core data. 

The second independent chapter outlines and discusses the results from the 

isotope ratios and major and trace metals analyses on three cores from the Hebrides-

Malin Sea, correlating them with the chronological and sedimentological 

interpretations. The main aim is to identify principal sediment pathways and 

weathering fluxes from the wasting Scottish ice-sheet. The timeframe is again 

between 23 ka to 15 ka, hence the sediments were deposited as the ice retreated 

towards the coast as described in Chapter 3. The analyses are compared to the 



Chapter I: Introduction 

 

13 
 

theories developed in Chapter 3 and further literature. Where no clear links are 

established, the second paper still describes in other terms processes acting 

synchronously to the retreat of the ice margin described in Chapter 3. 

Author contributions: The author designed the research, performed the 

sampling on the cores, carried out the sample preparation in the clean laboratory, 

interpreted the results and wrote the paper under the supervision of Kirsty Crocket 

at SAMS. The author carried out the column chemistry and analysis on a Neptune 

MC-ICP-MS at the Arthur Holmes Isotope Geology Laboratory at the University of 

Durham with the help of Geoffrey Nowell and Jo Peterkin. During July and August 

2014 the author took part of the BRITICE-CHRONO JC106 cruise where the cores 

were collected and initially described. The analyses for major and trace metals on the 

ICP-MS and OEC were carried out by Richard Abell and Colin Abernethy at SAMS. 

Analysis of Nd and Sr isotopes were carried out by Geoffrey Nowell and Jo Peterkin. 

Discussion with Louise Callard helped greatly in the interpretation of the cores. 

 
CHAPTER V  

Title: Lateglacial and Holocene palaeoenvironmental change inferred from 

marine sediments in the Muck Deep, offshore western Scotland 

Main datasets: core data 

Secondary datasets: seismic data, bathymetry data 

The Lateglacial environment in the Muck Deep is studied on the basis of long 

sediment piston and vibro cores (Figure 1.2). Sedimentological processes, 

foraminifera assemblages, seismic stratigraphy and geomorphology are discussed and 

linked to the regional climatic variability. The Muck Deep is a submerged over-

deepened valley, tributary to the main trough occupied by the HIS. As such, it is an 

interesting study location, especially in terms of paleoenvironmental reconstruction. 

Author contributions: The author designed the research, carried out the 

analyses, interpreted the results and wrote the paper under the supervision of John 

Howe at SAMS. The cores had been collected before this PhD project and multi-

sensor core logger data was obtained during previous studies by Sally Morgan and 
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Heather Robertson. Felix Butschek was involved in some of the particle size analysis 

work at SAMS. Discussions with Bill Austin and Jerry Lloyd improved greatly the 

foraminifera taxonomy analysis. Bryozoans in one sample were identified by Dr. 

David Hughes. 

 
CHAPTER VI  

Title: Deglaciation of the Firth of Lorn after the LGM: a review and new 

insights 

Main datasets: core data 

Secondary datasets: seismic data, bathymetry data 

In this chapter the results from the analysis of the Firth of Lorn cores are 

provided and correlated to the seismic lines and MBES data present in the area 

(Figure 1.2). Glacimarine deposits of the study areas are classified according to the 

glacial processes that once operated in the regions, in a period that spans from the 

Windermere Interstadial to the Holocene. This chapter is a follow-up to the account 

of deglaciation in western Scotland and are a chronological continuation from the end 

in Chapter 3, when the ice margin was approaching the modern Scottish coastline. 

Author contributions: The author designed the research, carried out the 

analysis, interpreted the results and wrote the paper under the supervision of John 

Howe at SAMS. The author planned and performed the fieldwork on board of the RV 

Calanus with the help of John Howe, Dayton Dove and Roger Anderton. Felix 

Butschek was involved in some of the MSCL and particle size analysis work at 

SAMS. 
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Author contributions: the author contributed to the interpretation of the 

results and the writing and editing process of the paper. This publication includes 

part of the work done in Chapter 3. 

 

Paper 2: A geomorphological reconstruction of the deglaciation of Loch 

Etive during the Loch Lomond Stadial 

Published in Scottish Journal Geology, 2016 

Author contributions: This work is the outcome of a Honours dissertation, 

where the author co-supervised the student (Allan Audsley). The author interpreted 

part of the results, wrote the paper and made the figures. 

 

Paper 3: The seabed geomorphology and geological structure of the Firth of 

Lorn, western Scotland, UK, as revealed by MBES survey 

Published in Earth and Environmental Science Transactions of the Royal Society of 

Edinburgh, 2015 

Author contributions: the author contributed to the interpretation of 

Quaternary geology and the editing of the paper. This publication includes part of 

the work done in Chapter 3 and 6. 
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Figure 1.2 - The areas where studies have been conducted are shown in shaded boxes.  

The largest area in the centre of the map is defined as the southern Inner Hebrides region 
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1.3.2. Note on terminology and conventions 

 
The nomenclature in the field of Quaternary Geology is rather complicated. From a 

chronological point of view, coeval events have been named differently, for historical 

and regional reasons. The most up-to-date climato-stratigraphic framework for the 

last 48000 years b2k (before year 2000), intended to be applicable across the North 

Atlantic region, is described in the 2012 INTIMATE report, after the re-calibration of 

the annually resolved NGRIP δ18O ice-core record by (Lowe et al., 2008). In the 

thesis the author chose to adopt the nomenclature in general applied for the British 

Quaternary, however preferring widely accepted names to regional terms (e.g. 

Younger Dryas instead of Loch Lomond Stadial), and basing the absolute ages on the 

INTIMATE report (Blockley et al., 2012). The last cold stage before the Holocene is 

named “Weichselian” in Northern Europe and “Devensian” in Britain. Three sub-

stages are identified: Early Devensian (ca. 116–58 ka), Mid Devensian (ca. 58–31 ka) 

and Late Devensian (ca. 31–11.7 ka), whose boundary dates are roughly equivalent to 

marine isotope stages (MIS) 5d-5a, 4-3 and 2, respectively. The terms Dimlington 

Stadial (DS; ca. 31–14.7 ka), Windermere Interstadial (WI; ca. 14.7–12.9 ka) and 

Younger Dryas Stadial (YD; ca. 12.9–11.7 ka) refer to climatostratigraphic 

subdivisions of the Late Devensian. These are well-defined “episodes” in the δ18O 

isotope record in the Greenland ice core (GRIP), respectively: GS-2, GI-1e to GI-1a 

and GS-1 (Blockley et al., 2012). GS events are colder, Stadial events; GI events are 

milder interstadial events. Greenland Stadial 1 (GS-1) is roughly equivalent to the 

Younger Dryas Stadial; Greenland Interstadial 1 (GI-1) lasting 1996 years is roughly 

equivalent to the Windermere Interstadial. GI-1d and GI-1b are colder phases within 

GI-1; GI-1d may be equated with the ‘Older Dryas’ of continental NW Europe 

(Figure 1.3). 
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Figure 1.3 - The δ18O record from the GRIP Greenland ice core showing the Lateglacial event stratigraphy 

(left) and the stratigraphic subdivision of the Lateglacial in northwest Europe and the British Isles. The 
radiocarbon ages should be regarded as indicative ages only (Walker, 2005) 

 

Throughout the thesis, age of events may be defined using four different notations: 

• ka, thousand years ago; 

• ka BP, conventional radiocarbon (14C ) years before present (i.e. before year 

1950); 

• cal ka BP, calibrated radiocarbon years before present; conversion of 

radiocarbon years to the calibrated timescale of Reimer et al. (2013). Marine 

ages are corrected with a reservoir age for UK coastal waters of 405 ± 40 years 

(Harkness, 1983). About 700 years (or more) must however be considered for 

sediments of Younger Dryas age (Austin et al., 2011). 

• exposure age ka, the length of time a sample has been exposed to the cosmic-

ray flux. 
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It is important to distinguish between the different notations used. While there 

are detailed differences between all of these approaches to age estimation, in general 

terms a radiocarbon date of c. 10.0 ka BP converts to c. 11.15 calendar ka BP by the 

other three notations. It is important to remember that exposure ages refer to the 

year of measurement, and are not BP (as before 1950). This discrepancy is however 

smaller than the age uncertainty in nearly all exposure dating applications. 
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1.4. Regional setting and physiography 
 

The aim of the following section is twofold. Firstly, it provides background 

information on the physiography and geology of western Scotland, defining names 

and locations that appear recurrently in the rest of the manuscript. The bedrock 

geology around the southern Inner Hebrides is very diverse and complex, reflected by 

the fact that many details in the geological history and stratigraphy of the area are 

still unknown, especially in the offshore environment. For the aims of this Thesis 

background knowledge of bedrock geology is necessary. For example, the recognition 

of folded and faulted Dalradian successions that dominate the Firth of Lorn, and the 

younger magmatic suites that intrude them, are necessary to carry out a correct 

identification of the bedforms that were shaped by glacial erosional or depositional 

processes. Structural geology and basin architecture are controlling factors in the ice 

flow dynamics and sediment deposition. The ice movement in western Scotland has 

been deeply influenced by the structural frame of the highland geological provinces 

and the different rock hardness and orientation.  

Secondly, this section will also benefit the reader in Chapter 4, where frequent 

reference to Scottish bedrock geology is made in the attempt to identify sources for 

post-LGM glacimarine sediments. For such a reason the author considers a good 

introduction to the pre-Quaternary geology of the area indispensable. 

 
 

1.4.1. Bedrock geology 

 
The geological map of the study area is illustrated in Figure 1.4. Reference is given 

also to the British Geological Survey Solid Geology Sheet for Argyll and Tiree (BGS 

1:250 000 Series), from which part of the information in this section is derived. 

Western Scotland can be subdivided in three main terranes delimited by three 

major faults that cross the entire mainland: the Hebridean Terrane (HT), the 

Northern Highland Terrane (NHT) and the Grampian Terrane (GT) (Figure 1.4) 

(Trewin, 2002). The oldest, the Hebridean Terrane, lies in the North-West, occupying 
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the Outer Hebrides, the coast area of the North-West Highlands, the Isles of Coll, 

Tiree and Iona and also the inlier of Colonsay. The Hebridean Terrane represents one 

of the last phases of extensive crustal generation and is formed by the Archaean 

Lewisian gneiss complex (c. 2.9 Ga, Hamilton et al., 1979). A significant proportion of 

the Lewisian is made up of tonalitic to trondhjemitic gneisses with numerous mafic 

and ultramafic enclaves (e.g. Tarney and Weaver, 1987). As a result of early high-

grade metamophism, the Lewisan gneiss suffered metamorphism to granulite facies in 

the lower crust and to amphibolite-facies at upper crustal levels (Geldmacher et al., 

2002). The Neoproterozoic Torridonian clastics are also part of this terrane. 

The Moine Thrust Zone, which runs from Loch Eriboll, across Kyle Rhea 

(Skye), to the Sound of Iona, delimits the southern edge of the HT. The other two 

terranes belong to the orthotectonic zone of the Scottish Caledonites (Trewin, 2002), 

the orogenic belt created by the closure of the Iapetus Ocean in during the Cambro-

Devonian period, and characterised by a nappe and thrust tectonic structure. The 

Northern Highland Terrane occupies the majority of the Northern Highlands, from 

Morvern to Caithness. In the NHT the metamorphic rocks of the Moine Supergroup 

dominate the geology; these psammites and pelites were deposited around 1000 Ma 

ago and then subjected to polyphase generally high-grade metamorphism 

(amphibolitic to granulitic) at different stages. The Great Glen Fault (Figure 1.4) 

acts as a southern boundary between the NHT and the second part of the Caledonite 

Orogen, the Grampian Terrane. The GT includes the extensive Dalradian 

Supergroup, a second suite of metasedimentary rocks (quartzites, schists, slates, 

phyllites and limestones) younger than the Moines and with a lower metamorphic 

range (greenschist to low amphibolite facies). 
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Figure 1.4 - Geological map of western Scotland (modified after Emeleus and Bell, 2005) 

 

Calc-alkaline magmas (the “Newer Granites”) emplaced throughout the 

Caledonian orogeny occupy portions of the NHT and GT. The westernmost 

complexes outcrop in the Ross of Mull, Morvern-Strontian, Loch Etive and Rannoch 
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Moor. These intrusions comprise mainly suites of tonalites, granodiorites and 

granites. Other potassic calc-alkaline igneous rocks, unrelated to the Caledonites are 

the Devonian lavas of the Lorn Plateau, which cover a 300 km2 area between Oban 

and Loch Awe (Trewin, 2002). 

The Inner Hebrides (Isle of Mull, Skye and Rum) and the Ardnamurchan 

peninsula are instead mainly occupied by intrusive and extrusive complexes of the 

British Tertiary Igneous Province (BTIP). These dissected volcanic centres and lava 

sheets were active during a brief period of time (~60 to 55 Ma ago) and were 

connected to mantle plume activity and inception of the Atlantic spreading ridge 

(Dickin, 1981; Dickin et al., 1981). 

 

1.4.1.1. The southern Inner Hebrides region (Figure 1.5) 

 
The most important structural feature in the area is the south-westerly part of the 

Great Glen Fault (GGF), which runs NE-SW from the Moray Firth on the east 

coast, across Loch Linnhe and the eastern side of the Isle of Mull creating the 

depression that links Loch Don, Spelve and Buie, and subsequently splicing in a set of 

secondary faults (Howe et al., 2015). The GGF roughly delimits the two prominent 

metamorphic series of the Scottish Highlands, the older Moine metamorphic series to 

the NW of the fault, and the Dalradian metamorphic series to the SE. Conversely the 

Moine Terrane is delimited in the WNW by the Moine Thrust Zone (MTZ), the 

narrow but continuous belt stretching SSW from Loch Eriboll on the north coast, 

through southern Skye and often connected to the Sound of Iona Fault (Trewin, 

2002).  

On land the Moine outcrops are confined NE of the Sound of Mull, on Morvern, 

Ardnamurchan and in a few localities in the Ross of Mull and north of it (Barber et 

al., 1979; Fyfe et al., 1993). Most of the offshore area west and north of the Isle of 

Mull till the Stanton Banks is occupied by Tertiary and Mesozoic sediments covering 

the older rocks; exceptions are a triangular wedge of Lewisian gneisses comprising the 

Isle of Iona and a 25 km-stretch of seabed SSW of it, the Torridonian psammites 
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occupying the Isle of Rum, and the marine region south of it until the Isle of Coll, 

and the Lewisian basement outcropping on Tiree, Coll and the Skerryvore Bank. 

The Mesozoic sediments occupy depressed and elongated basins, nominally the 

Inner Hebrides Trough and Blackstone Basin, bound by the Skerryvore and Colonsay 

faults. The basins were carved by the Quaternary glaciations, where ice eroded more 

efficiently along the structural and lithological weaknesses (Dobson and Whittington, 

1992). Igneous rocks, especially plutons associated to magmatic activity during the 

different phases of Caledonian orogeny and Atlantic opening have pierced through the 

basement rock in several locations. Devonian magmatic bodies outcrop on the Ross of 

Mull, Morvern and Etive. The island of Mull, Rum and Ardnamurchan are 

dominated by granitic and volcanic suites and basaltic traps that developed in the 

Tertiary as a result of the opening of the north Atlantic and the splitting of 

Greenland from Europe (Fyfe et al., 1993; Smith, 2012). Dykes of various 

compositions, originating from the Devonian and Tertiary igneous centres, pervade 

the bedrock geology throughout Argyll; one of the major dyke swarms was extruded 

from Mull and has a SW-NE trend. These linear features present often a complication 

in the interpretation of seabed landforms of glacial origin. 

Passing onto the SE side of the GGF the main bedrock types are interbedded 

Dalradian slates, limestones, quartzites, schists and even tillites (on the Garvellachs) 

belonging to the Appin, Argyll and Colonsay Groups. The last one, outcropping on 

Colonsay, Oronsay and extending offshore to the SSW of them, has still an uncertain 

age of deformation and may has been recently related to the older Grampian Group 

(McAteer et al., 2010). 
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Figure 1.5 - Geological and topographical map of the Firth of Lorn area. 

Notice the peculiar lozenge-shaped structure in the central Firth of Lorn (based on BGS online map) 



Chapter I: Introduction 

 

26 
 

The Appin and Argyll Groups generally dip about 30° towards SSE, creating 

elongated and consistently SW-oriented rock ridges and troughs that are often 

possible to follow on the bathymetry for several kilometres. The sediments are 

sometimes also tightly folded, with fold hinges striking again towards a southwestern 

direction. At the centre of the Firth of Lorn the metasedimentary sequences present a 

peculiar lozenge-shaped structure (Figure 1.5) with shallower plateaus and deep 

angular basins, delimited by the Benderloch-Ballachulish Slide to the East and the 

Devonian and Jurassic volcanic and sediment cover to the North and West. This 

structure might be composed of the half-grabens formed during the extensional 

regime that characterised the deposition of the Dalradian sediments (Anderton, 1985; 

Howe et al., 2015), more importantly it could have had a role during the deglaciation 

history of this area. The Dalradian metasediments occupy the majority of the area 

from the Isle of Islay up to Jura and the eastern coast of the Firth of Lorn. Devonian 

Old Red Sandstone (ORS) and Lorn Plateau Lavas comprising andesites and basalts, 

also Devonian in age, outcrop intermittently along the coast between Oban and 

Connel. In the Firth of Lorn several outcrops of the ORS were identified by (Barber 

et al., 1979) and recently supported by Roger Anderton (pers. comm. 2015); they 

appear as rough rock plateaus usually unconformably overlaying Dalradian rock 

ridges. 
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1.5. Late Pleistocene in western Scotland 
 

This introduction briefly presents the Pleistocene glaciations in western Scotland and 

their effect on the landscape evolution. An overview of the main ice masses acting in 

the region during the late Devensian is given in the second half, with a more in-depth 

description of the modern understanding researcher have of the last glacial-

interglacial transition in the study area. 

 
 

1.5.1. Introduction 

 
Since the end of the 19th century the effect of Quaternary glaciations in Scotland on 

land and, on a minor scale, offshore, has been studied by numerous researchers. 

Seminal work was carried out by Bailey et al. (1924), Charlesworth (1955), Jamieson 

(1865) and Wright (1911) . Glaciations have been a major agent in the evolution of 

the Quaternary Scottish landscape, to the extent that almost every bit of modern 

Scottish scenery has been at least slightly moulded by the passage of ice (Sissons, 

1967). The most prominent of these glacially eroded landforms are probably the 

Scottish sea-lochs and over-deepened basins. Generally, low erosion rates have been 

obtained for Scotland, only about 1.5 km in the past 300 Ma (that equals to 0.05 

mm/a) compared to the typical glacial erosional rate of 1 mm/a (Trewin, 2002). 

However, U-shaped glens and sea lochs were produced and deepened by glacial 

erosion at much faster rates than the ones suggested above. The excavation of deep 

troughs (e.g. Loch Morar) must then reflect repeated glacial occupancy (Kessler et 

al., 2008), considering the length of a single glacial stadial duration as reported by 

δ18O in North Atlantic sites (Rasmussen et al., 2008), and requires a time span of ca. 

one million years.  

The orientation of glacially over-deepened troughs in the Highlands reflects 

zones of structural or lithological weakness, defining relatively easily eroded rocks. An 

example are the E-W oriented troughs in western Scotland controlled by jointing 

systems in Torridonian rocks (e.g: Muck Deep, SSW of the Isle of Rum, (Howe et al., 
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2012). There are areas however where glacial erosion and flow have superimposed 

these structural/lithological patterns. In particular, the Grampian Highlands: Loch 

Leven, Glen Coe, Loch Etive, Loch Awe, Loch Fyne, Loch Long, Loch Lomond, Loch 

Rannoch, Glen Lyon, all radiate from Rannoch Moor. This area was then occupied by 

a persistent ice dome from which ice flowed during the successive Quaternary 

glaciations (Sissons, 1983; Sutherland, 1984).  

Shelf morphology within the Inner Hebrides is the most variable in the UK 

(Murray, 2004). Numerous irregular banks, scarps and depressions result from 

differential glacial erosion of the sediments and underlying bedrock, enhanced locally 

by tidal scour (Davies et al., 1984; Dobson and Whittington, 1992). Large troughs 

(~10 km wide and ~120 m deep) are found in the Malin-Hebrides Sea. The glacially 

eroded Malin Deep has a strong WSW– ENE alignment, starting from the southern 

Inner Hebrides region and proceeding all the way to the mid-shelf. A second glacially 

scoured channel cuts from the Isle of Skye across the Sea of Hebrides and converging 

into the Malin Deep. The orientation of these glacial erosional landforms on the shelf 

indicates that the Malin Shelf was a zone of confluence where ice flowing offshore 

from northwest Ireland converged on the mid-outer shelf with ice flowing west and 

southwest from western Scotland. Dunlop et al., (2010) provide direct 

geomorphological evidence to the hypothesis that converging ice streams crossed the 

Malin Shelf as far as the shelf edge during the last cold stage. 

Many high rock platform fragments (Sissons, 1982) observed in western 

Scotland were re-moulded or even partly formed during the Devensian, their 

formation probably ceasing when ice began to retreat from the Wester Ross 

Readvance limit (exposure ages 13.5 ±1.2 ka to 14.0 ±1.7 ka, Ballantyne et al., 

2009). Sissons (1983, 1982) envisages periods of advance into the Minches and Sea of 

the Hebrides followed by periods of rapid calving to restore the ice margin to a 

relatively stable position amidst the Inner Hebrides. Platforms would have been cut 

and re-cut through these cycles of waxing and waning. An implication of the above 

interpretation is that high platforms were also cut during glacials preceding the 
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Devensian. Such platforms would probably have been re-shaped, perhaps repeatedly, 

by coastal erosion during the Devensian.  

Offshore, the most important and under-exploited legacy of Quaternary glacier 

activity after the glacial landforms is the resulting glacimarine deposits. The 

importance of these deposits resides in the fact that they constitute the most 

complete Quaternary sedimentary stratigraphic sequence in Scotland whilst onshore 

sediments are heavily eroded and patchy in occurrence. These deposits have an 

average thickness of 150 m, but show considerable variation: in the glacially 

overdeepened basins thicknesses of up to 300 m have been preserved (e.g. the Muck 

Deep), while over the resistant topographic highs of Lewisian basement and Tertiary 

volcanics there can be little or no sediment cover (Davies, 1984). 

Early studies in the Quaternary stratigraphy of the Malin-Hebrides area 

reported only sediments from the late Devensian and younger (Binns et al., 1974; 

Evans and Ruckley, 1980). Later work by Davies et al. (1984) and BGS mapping 

have described at least two formations that must pre-date the Devensian. There is no 

indication of tectonic subsidence in the region and the pre-glacial basins were most 

likely eroded by previous glacial activity (Fyfe et al., 1993; Sissons, 1983).  

On the Malin-Hebrides shelf rock basins are separated by resistant ridges 

creating an effect of irregular and rough topography. The deposits are therefore 

isolated from each other, with the lowermost part consisting of pre-Devensian 

sediments and the major part of late Devensian age. These characteristics make the 

Malin-Hebrides deposits very different from the one in the North Sea, which is 

extensive and whose tectonic subsidence permitted the preservation of both thick 

Pleistocene marine and deltaic and more recent sediments (Fyfe et al., 1993). 

 

 

1.5.2. Ice configuration at the Last Glacial Maximum 

 
The position of the interpreted maximum extent of the BIIS at LGM on the 

continental shelf has changed frequently through the past century. In a map shown 

by Sissons (1967, p.126) the ice extended up to the continental shelf edge based on 
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work carried out by previous authors. Dawson and Dawson (1997) and Bowen et al. 

(2002) proposed instead a reduced limit, with the first authors producing evidence for 

an ice-free western Islay. More recent literature (Bradwell et al., 2008b; C. D. Clark 

et al., 2012; Sejrup et al., 2005) has moved back to the original theories, and has 

provided a set of very strong evidences that the BIIS reached the continental margin 

during the LGM, albeit asynchronously in different areas of the British Isles (Figure 

1.6). Both the Irish Ice Sheet and British Ice Sheet were confluent and grounded on 

the western shelf and delivered glacigenic debris to Donegal and Barra fans through 

the Hebrides Ice Stream (Davies et al., 1984; Dove et al., 2015; Dunlop et al., 2010). 

Several studies based on analyses of ice-rafted detritus (IRD) (Knutz et al., 2002, 

2001; Scourse et al., 2009) report a marked increase in sediment input at the Barra-

Donegal Fan at 29 ka, which requires that the ice sheet must have grown into the 

sea, although it does not directly indicate the effective extension.  

 

 
Figure 1.6 - Ice streams active in western Scotland at the LGM. Modified after (Howe et al., 2012) 
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Wilson et al. (2002) demonstrated that ice must have reached the shelf edge by 27 

ka, in at least one location because the Barra-Donegal trough mouth fan was being 

fed with new material. Corroborating the outcomes in the Barra Fan are Pb isotope 

ratios results from offshore, at ODP Site 980 on Feni Drift in the Rockall Trough 

(Crocket et al., 2013). Here millennial- scale fluxes of radiogenic Pb isotopes between 

40 ka and 24 ka point to periodical ice purges from the western British margin. 

Lying on a deformable seabed and exposed to sea-level changes, the margin was 

susceptible to internal and external forcing. Knutz et al. (2001) identify peaks in IRD 

concentrations in core MD95-2006, from the Barra Fan, and interpret them as 

distinct pulses of iceberg discharge that took place, from about 27 ka. These pulses 

could be related to ice margin instability and early ice stream drawdown, possibly 

recording an interplay between the Hebrides Ice Stream and the Irish Sea Ice Stream 

in the south (Greenwood and Clark, 2009a, 2009b) as the BIIS altered between 

configurations (cf. Hubbard et al., 2009). 

Bradwell et al. (2008a) alternatively propose that this ice-mass re-organisation 

was largely caused by sea level change, probably owing to glacio-isostatic loading, 

and was also closely associated with Heinrich Event 2 (H2). 

The ice sheet thickness at this time is another element open to debate. 

Trimlines in northwest Scotland were initially interpreted as representing the 

maximum thickness of the last ice sheet (see Ballantyne, 2009; Ballantyne and 

Mccarroll, 1997). Recent evidence (e.g. Boulton and Hagdorn, 2006; Fabel et al., 

2012) suggests instead that high ground above trimlines represents zones of basal 

freezing within the last ice sheet, rather than nunataks that remained above the ice 

surface. The trimline has been re-interpreted as representing the minimum rather 

than the maximum altitude achieved, and implies that the BIIS exceeded 900 m OD 

in altitude over the northwestern Highlands, and that the highest points of ice dome 

that developed over the Outer Hebrides exceeded 600 m OD (Ballantyne, 2009). 

The lack of geochronological constraint in the area makes the reconstruction of 

a definite timing of maximum expansion and deglaciation arduous. Moreover, 
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although the model proposed seems reasonably well validated, it remains a theory 

until further evidence is supplied. 

 
 

1.5.3. Ice retreat and climate variability in the Lateglacial 

 
The last glacial to interglacial transition was characterised by significant climatic 

instability; warming in the Northern hemisphere occurred as a series of high-

amplitude fluctuations and abrupt reversals to cold conditions (Dansgaard et al., 

1993; Rasmussen et al., 2008, Figure 1.3). The retreat of the marine-terminating 

Scottish Ice Sheet was not a linear response to climate, but was influenced by 

changes in sea-level, tidal regimes (Scourse, 2013; Ward et al., 2016), adjacent ice 

masses (Finlayson et al., 2014) and topographic control (Bradwell and Stoker, 2015a; 

Dove et al., 2015). Also recent BIIS models (Patton et al., 2016) support the picture 

of a very mobile western ice margin. An overview of the final retreat of the last 

western Scottish Ice Sheet is provided in this final section, with the main aim to 

summarise the fluctuations reconstructed from empirical observations. 

IRD records from the Barra Fan indicate that deglaciation began ~23 ka 

(Scourse et al., 2009), coinciding with Heinrich Event 2. At about this time, an 

increase in Northern Hemisphere insolation is recorded in Greenland oxygen-isotope 

records (McCabe and Clark, 1998). The N. Pachyderma δ18O record from core MD95-

2006 show maxima (polar cold water) between 21 and 17 ka (Wilson et al., 2002), 

which support the Scourse et al.’s date. Significant ice losses over the Malin Shelf, 

around 18.5 ka, are registered at the Barra Fan (Knutz et al., 2001) and could have 

been caused by a major iceberg discharge.  

Around this time the ice sheet became lobate in form and retreated south-

eastwards towards Donegal Bay (Ó Cofaigh et al., 2012) and north-eastwards across 

the Malin Shelf towards Scotland (Dunlop et al., 2010). A large embayment was 

possibly formed on the outer Malin Shelf between ice retreating northwards towards 

the Outer Hebrides and southwards to Ulster and Northern Ireland (captured by 

Clark et al., 2012). Full deglaciation was rapid but interrupted by seasonal halts in 
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many parts of the western shelf, creating coherent retreating patterns of push 

moraines (e.g. Bradwell et al., 2008c; Dove et al., 2015; Ó Cofaigh et al., 2012). Flow 

direction switching, cross-cutting moraines and sedimentological data present 

evidence for ice margin fluctuations that affected the Irish and Scottish Ice Sheet 

during deglaciation; it also indicates a very dynamic coupling with abrupt changes in 

the ocean climate (J. Clark et al., 2012; Finlayson et al., 2014).  

The widely held view that retreat of the last BIIS in Scotland was 

uninterrupted by regional-scale readvances (e.g. Trewin, 2002) has more recently been 

challenged by evidence for multiple retreat stages in northern Scotland, the adjacent 

Atlantic shelf and the North Sea Basin (Ballantyne et al., 2009; Bradwell et al., 

2008b; McCabe and Williams, 2012; Stoker et al., 2009). The exact timing of these 

readvances is uncertain and ages are being modified as new BRITICE-CHRONO data 

is published. 

A first readvance is proposed during the Killard Point Stadial (KPS), when 

BIIS is suggested to have thickened again over northeast Ireland before 16.5 ka, 

advancing at its margins (Finlayson et al., 2014; McCabe and Clark, 1998).  

In County Down, a lower till sheet containing Ailsa Craig microgranite erratics 

and shells record an ice advance from the Scottish Highlands into Northern Ireland 

after 24 ± 0.65 ka (Dunlop et al., 2010). Livingstone et al. (2012) summarised the 

evidence for a readvance of Scottish-sourced ice into northern England at a similar 

time, although they note that chronological constraints are insufficient to link 

conclusively the two events. In north County Antrim, a 40 km long moraine complex 

known as the Armoy Moraine, stratigraphically overlies the inland drumlins and 

contains erratics of Scottish provenance and glaciotectonic structures created by ice 

pressures from the north. This moraine postdates the KPS and marks the limit of a 

later ice advance that emanated from Scotland and reached its maximum limits ~15 

ka (McCabe and Williams, 2012). However, Finlayson et al., (2014) suggest that this 

East Antrim Coastal Readvance (EACR) was probably caused by the collapse of the 

Irish Ice Sheet, and happened earlier around 16.5 ka. Small et al. (2017) pushes back 
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even more the timing, in order to accommodate Scottish ice retreat to sea-lochs at 

~16.2 ka.  

In Scotland the most conspicuous evidence for a regional-scale readvance of the 

retreating ice margin occurs in the Wester Ross area of NW Scotland, where a chain 

of moraine ridges marks the limit of an extensive ice-sheet readvance, the Wester 

Ross readvance (WRR) (Bradwell and Stoker, 2015b), that interrupted ice retreat in 

his area. The inferred age for this event is about 13.5 ± 1.2 ka to 14.0 ± 1.7 ka and 

indicates that the WRR occurred 2–3 millennia after Heinrich 1 (H1), and hence was 

unrelated to H1 climatic forcing (Ballantyne et al., 2009). 

Additional evidence for the retreat comes from the pattern of sea level change 

during deglaciation. Isostatic depression of the lithosphere was of greater magnitude 

than eustatic low sea levels, causing a Scottish regional high relative sea level.  

Analysis and dating of sediments formed close to the sea level during and after 

deglaciation (e.g. Lambeck, 1995; Shennan et al., 2006) show that relative sea level 

was falling rather than rising during the last deglaciation.  

Along the west coast, (Sutherland, 1984) interprets breaks in the marine limits 

near the sea lochs as still-stands of the retreating ice. It is possible that these still-

stands relate to topographic controls on ice flow near the mouth of sea lochs. 

Whether or not Scotland was completely deglaciated during the Windermere 

Interstadial is a disputed subject. Recent studies (Bradwell et al., 2008a; Stoker et 

al., 2009) presented offshore evidence from Wester Ross supporting the existence of 

substantial, active ice masses in this area at least in the first part of the Lateglacial. 

However it is likely that the poorly constrained 10Be production rate used in those 

studies was the cause for the anomalous conclusions (Ballantyne and Stone 2012). 

Ice-free conditions or minimal ice survival in restricted, high-altitude locations (e.g. 

Bowen et al., 1986; Clapperton, 1997) is the mainstream position of the community. 

Following widespread retreat of the last ice sheet during the Windermere 

Interstadial, renewed glacier build-up occurred during the Younger Dryas stadial of 

11-10 ka BP, widely known in Scotland as the Loch Lomond readvance. In the 

Younger Dryas there was a return to arctic conditions with temperatures around 10-
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12°C lower than the present (Trewin, 2002). The readvance resulted in the formation 

of a major icefield in the western Highlands of Scotland, together with satellite 

icefields in peripheral mountain areas such as those of Assynt, the southeastern 

Grampians and the islands of Skye and Mull (e.g. Ballantyne, 2002; Golledge, 2010). 

Smaller glaciers also developed in the Outer Hebrides, Rum, Arran, the mountains of 

southern Scotland. The former ice limits associated with this readvance are often 

defined by moraines and drift limits, allowing detailed reconstruction of former glacier 

dimensions (Sutherland, 1984; Trewin, 2002). During deglaciation, the sea lochs were 

filled with sediment from the retreating glaciers and were eventually reinvaded by the 

sea, returning them to glacimarine and subsequently full marine conditions.
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1.6. Summary 
 

Modern glaciated environments are undergoing change: ice shelves are collapsing, ice 

streams are changing flow speed and direction, ice margins are retreating and glacier 

surfaces are lowering. These changes are most significant for marine-based ice sheets 

and have been critically observed by scientists for the last 70 years only. A full 

understanding of the long-term implications for ice sheet stability and behaviour is 

not known.  

The study of paleoglaciated environments in the Northern Hemisphere can 

provide the much-needed information on how ice sheet systems evolve over hundreds 

to thousands of years. Moreover, key processes that occur in the subglacial or ice-

contact environment (an area that is generally inaccessible at modern ice sheets) can 

be investigated. In this context of paleo ice-sheet reconstructions, this project 

examines geological records (a combination of geomorphological mapping, geophysical 

surveying, sediment-core and geochemical analyses) from the marine-based sector of 

last British-Irish Ice Sheet (BIIS) on the western Scottish shelf. The main aim is to 

interpret the results in the wider context of Scottish ice-sheet dynamics after the 

LGM.  

The last glacial-interglacial transition was characterized by climatic instability, 

with warming progressing through a series of temperature fluctuations and abrupt 

reversals to cold conditions. The response of the marine-based western Scottish ice 

sheet to these fluctuations was non-linear and influenced by external factors, 

including sea-level change, tides and substrate geology and topography. The thesis 

contributes to the improvement of our overall understanding of how the BIIS system 

evolved over the Late Devensian period, providing new pieces in the ever-growing 

jigsaw of the complete BIIS model. These kinds of evidence are crucially important if 

we are to test the computer models that are used to project the consequences of long-

term ice sheet behaviour. 
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2. METHODOLOGICAL APPROACH 
 

This chapter presents an overview of the methods and techniques used during the 

project. Further details on the methodology and datasets are given in each result 

chapter; technical tables are presented in the Appendixes. 

 

The reconstruction of former ice sheets, mainly based on the principle of 

“inversion” (Kleman and Borgström, 1996), requires a wide range of interconnected 

information that can only be obtained through the application of different 

methodologies. The information includes ice sheet extent, thickness and flow patterns 

through time, and it can be extracted by the analysis of four main “ingredients”: 

 

• Ice sheet footprint (i.e. erosional forms, subglacial bedforms); 

• Ice sheet thickness and margins (moraines, meltwater network and glacifluvial 

forms); 

• Till and glacimarine unit characteristics and distribution; 

• Chronology of events. 

 

Each of the methods addresses one or more of these ingredients. 
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2.1. Geomorphology 
 

Since the 1990s research vessels equipped with multibeam echo-sounder systems 

(MBES) have routinely acquired highly detailed images of the submarine landscapes 

that were formed when the ice sheet previously advanced onto the continental shelf 

(Ó Cofaigh, 2012). MBES emit sound waves in the shape of a fan from directly 

beneath a ship's hull, measuring and recording the time it takes for the acoustic 

signal to travel from the transducer to the seafloor and back to the receiver (Kenny 

et al., 2003). The swath of soundings produced are the depths for broad survey areas. 

The coverage area on the seafloor depends on the depth of the water, typically two to 

four times the water depth. 

Bathymetry maps thus created for paleo-glaciated continental shelves show an 

incredible diversity of glacial landforms that hold geographical, chronological and 

dynamic information regarding the conditions and context of their formation. 

Moreover, shelves were often the place for fast-flowing ice streams during glacial 

maxima (Ó Cofaigh, 2012), hence the landforms there preserved are critical for the 

study of these important elements of ice sheet systems. 

Having enormous volumes of patchy landform records in MBES data, and 

basing the interpretations on axioms on genesis of the forms, it is possible to develop 

a model of the spatial and relative temporal evolution of the ice sheet. 

The acknowledged assumptions necessary before interpreting the landforms 

(Benn and Evans, 2010; Kleman and Borgström, 1996) are: 

• The location of the ice-water phase boundary at the ice base is the primary 

control on landform creation; 

• Basal motion requires a thawed bed and in turn subglacial lineations only form 

when basal motion occurs; 

• Subglacial lineations (both erosional and depositional) are aligned to local ice 

flow direction; 

• Regional deglaciation is accompanied by the production of spatially coherent 

but diachronous meltwater features. 
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 Clusters of streamlined bedforms that show a consistent alignment can be grouped in 

`flow sets' and used to infer episodes of warm-based ice sheet motion in a particular 

direction (Boulton and Clark, 1990; Greenwood and Clark, 2009a, 2009b; Hughes et 

al., 2014; Livingstone et al., 2010). Changes in landform elongation ratios indicate 

differences in ice speed (Bradwell and Stoker, 2015a; Stokes and Clark, 2001) while 

cross cutting flow sets provide information on the chronology of ice flow events and 

reorganisations of the ice sheet (Greenwood and Clark, 2009a, 2009b). Marginal 

landforms such as moraines or grounding zone wedges can be used to interpret 

patterns of ice margin retreat (C. D. Clark et al., 2012).  

The increasing availability of digital datasets and improving computing 

performance have made common the use of standard Geographic Information Systems 

(GIS) interfaces to assemble different datasets within a single processing software 

package. For this PhD project ESRI ArcGIS v10.1, comprising ArcMap, ArcCatalog 

and ArcToolbox was used. Landforms were digitized using lines (lineations, 

glacifluvial features and fossil shorelines, mapped as lines corresponding to the 

crestlines or central axis) and polygons (drumlins, moraines and hummocks, mapped 

by break-of-slope). iView4D, a free viewer for files in the Fledermaus file format was 

used to visualise in 3D space raster files of the Firth of Lorn area. 
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2.2. Seismic stratigraphy 
 

Seismic stratigraphy is fundamentally a geological approach to the stratigraphic 

interpretation of seismic (i.e. acoustic) data. Acoustic impulses (shots) are 

transmitted from the instrument and propagated through the water column to the 

seabed, where some of the sound energy penetrates into the seabed. Primary seismic 

reflections are generated by physical discontinuities in the sediments, consisting 

mainly of changes in granulometry, lithology, water saturation and unconformities 

that generate velocity-density contrasts between layers. The seabed penetration 

depends on sediment type and the energy of the sound pulses, where higher energies 

yield more penetration power and conversely lower resolution. The seismic sections 

thus produced are a record, chronologically younger from bottom to top, of 

depositional and structural patterns. 

 
Figure 2.1 - Stratigraphical terminations on seismic lines (after Vail, 1987) 

 
The separation between different seismic units is carried out on the basis of 

internal reflector pattern, stratigraphic position and geometry and bounding 

discontinuities. These discontinuities are recognized studying the reflection 

termination patterns and are defined by identifying the type of termination of the 

internal reflectors at the discontinuity surfaces. These terminations occur below and 

above a discontinuity. Examples of the first include (Figure 2.1): 



Chapter II: Methodological approach 

 

41 
 

• Toplap: termination of internal reflectors against an overlying surface, 

representing the result of non-deposition and/or minor erosion. 

• Truncation: this implies the deposition of strata and their subsequent removal 

along an unconformity surface. When very extensive this termination is often 

an indicator of glacial advance (glacial maxima) and top-discordant criterion 

of a sequence boundary (Powell and Cooper, 2002). When more constrained 

such truncations can also be caused by smaller erosional events, as for instance 

a channel. 

While above a discontinuity are found: 

• Onlap: A base-discordant relationship in which initially horizontal strata 

progressively terminate against an initially inclined surface, or in which 

initially inclined strata terminate progressively updip against a surface of 

greater initial inclination. 

• Downlap: a relationship in which seismic reflections of inclined strata 

terminate downdip against an inclined or horizontal surface. 

Each of these terminations and internal patterns contains genetic information 

on the seismic unit. The totality of the interpretations is used to elaborate a sequence 

stratigraphy (Powell and Cooper, 2002; Syvitski, 1991). 

Knowledge of the architecture of the shallow underlying strata of the seabed is 

complimentary to MBES data and essential to the study of glacimarine environments 

on continental margins (Stoker et al., 1997). High-resolution seismic stratigraphy 

often permits the investigators to reconstruct complete glacial sequences, with single 

glacial advances and retreat recorded in the sediment packages and erosional 

boundaries. The western Scottish shelf is a good example here, as it preserves a long 

and detailed seismostratigraphical glacimarine sequence (Davies, 1984), compared to 

onshore deposits, where the sediments have been heavily eroded by successive 

glaciations. 
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All profiles analysed in this study were acquired by the British Geological 

Survey between 1972 and 1985 using respectively a Sparker (medium frequency, high 

energy, 500 m penetration) and a Pinger (high-frequency ~3.5KHz, 100 m 

penetration) sub-bottom profiler. Vertical divisions on the profiles represent a two-

way time interval of 25 milliseconds in the Pinger and 100 milliseconds in the Sparker 

lines. Thicknesses were calculated based on acoustic velocities of 2000 m/s, or 1500 

m/s adopting the convention of Stoker et al. (2009), where the former scale was used 

to calculate maximum unit/sediment pile thicknesses, while the latter was used in the 

unconsolidated near-seabed sediments for more accurate correlations with the 

sediment cores. The horizontal division is in fixes, recording variable distances 

dependent on vessel speed. The approximate distance of 2 km between fixes was 

calculated by measuring the distances between random pairs of adjacent fixes on the 

track chart in ArcGIS. Figures of seismic profiles or sections were created by 

importing the relevant Geotiffs into Corel Draw X4 and adapting/annotating as 

required. 
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2.3. Sediment core analysis 
 

The study of core sediments from selected locations on the seabed is essential to 

ground-truth initial observations made on the MBES and seismic data and elaborate 

a more detailed and robust classification of targeted sedimentary units or 

geomorphological features. 

 

 

2.3.1. Sedimentology 

 
A number of analyses were performed on the sediment samples, from simple visual 

descriptions to more sophisticated geochemical and physical tests (Rothwell, 2006). 

The laboratory techniques used for the majority of the 26 sediment cores observed for 

this thesis are provided in Table 2.1. The acronyms indicate work carried by the 

author (RA) or done by others (O). 

Visual log. For each core a visual description log was produced, first cleaning 

the exposed face of the split core section and then examining the surface texture of 

the sediment, its colour (Munsell, 2003), sedimentary structures such as lithological 

boundaries, laminations, the presence of outsized clasts, bioturbation, terrigenous 

organics, monosulphide mottles and shells or foraminifera tests. Hand-drawn logs 

were then transposed into electronic versions, produced using Corel Draw X4. 

X-ray radiography. Visual logging is restricted to superficial features, whereas 

X-ray photos of core sections are a common method to gain information about sub-

surface structures and microscopic features. On a radiograph darker areas are 

indicative of uncompacted material, whereas rocks, shells or pebbles appear very 

light. Layering between muds and sands, even on microscopic scales, can be easily 

recognized on radiographs and a rock or shell enclosed in mud can be detected even if 

it is not visible at the sediment surface. X-ray radiography was performed on a 

Geotek designed MSCL-XCT, which collects high resolution (30 µm to 100 µm) 

radiographs. 
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Particle size analysis. For particle size analysis (PSA) of glacimarine units, 

few grams of sediment samples were disaggregated using sodium hexametaphosphate 

((NaPO3)6) and de-ionised (DI) water (1:3 ratio), agitated in a sonic bath, sieved to 

isolate sediment <1000 µm, then repeatedly flushed through a Coulter LS230 Laser 

Diffractometer to derive size frequency data. Particles smaller than about 0.4 µm 

cannot be accurately measured by laser diffraction, so the PIDS method (Polarisation 

Intensity Differential Scattering, in-built in LS230) was employed for the size range 

0.04 - 0.4 µm. Sampling was conducted at different intervals for each core, depending 

on the initial visual inspection. Most of the cores were sampled between 10 and 20 

cm. 

Multi-sensor core logging. Cores were measured with a Geotek Ltd multi-

sensor core logger (MSCL-S) before or after opening. The MSCL-S measures a 

number of physical properties, including core thickness, gamma-ray attenuation, p-

wave amplitude and velocity, magnetic susceptibility and temperature. The results 

are in turn used to calculate wet-bulk density, fractional porosity and acoustic 

impedance (Best and Gunn, 1999; Gunn and Best, 1998; Schultheiss and Weaver, 

1992). As some parameters (e.g. p-wave velocity) are temperature-dependent, the 

cores were stored at room temperature for a day prior to measurements. The core 

pusher and belt integrated into the MSCL-S enable the automatic logging in regular 

intervals (settings for this study were 2 cm intervals and a measuring time of 10 s). 

The instrument was calibrated routinely before usage, the calibration methods 

applied and technical explanations of the measured parameters are provided on the 

MSCL-S User Manual provided by Geotek Ltd. 
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Table 2-1 – complete list of the cores analysed during this study. RA: work carried out by the author. O: work carried out by others. 

      
Recovery Visual description X-ray MSCL PSA 

Foraminifera 
Analysis 

14C Dating 
      

Muck Deep (JC059) RRS James Cook             

726VE   piston core O RA O RA O   O 
727VE   piston core O RA RA     
728VE   piston core O RA O RA O     
729PC   piston core O RA   RA RA RA RA 
730PC   piston core O RA   RA RA RA RA 
731PC   piston core O RA   RA RA RA RA 
T7-Malin Sea (JC106) RRS James Cook             

140VC   vibrocore RA RA O O     RA 
149VC   vibrocore RA RA O O RA RA RA 
151VC   vibrocore RA RA O O     O 
Firth of Lorn (CC01) RV Calanus               

147GC   gravity core RA RA   RA RA     
148GC   gravity core RA RA   RA       
149GC   gravity core RA RA   RA       
150GC   gravity core RA RA   RA RA     
151GC   gravity core RA RA   RA RA     
152GC   gravity core RA RA           
153GC   gravity core RA RA           
154GC   gravity core RA RA RA RA     
155GC   gravity core RA RA   RA       
156GC   gravity core RA RA   RA       
157GC   gravity core RA RA   RA RA     
158GC   gravity core RA RA   RA RA     
159GC   gravity core RA RA   RA RA     
160GC   gravity core RA RA   RA RA     
161GC   gravity core RA RA   RA RA RA   
162GC   gravity core RA RA   RA RA     
BGS Drill trial (07-15) NLV Pharos               

BGS15-07_22R drill O RA   RA RA RA RA 
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2.3.2. Foraminifera taxonomy 

 

The Order Foraminiferida (informally foraminifera) belongs to the Kingdom Protista 

have a geological range from the earliest Cambrian to the present day. Foraminifera 

have been utilised for biostratigraphy for many years, and they have proven 

invaluable in palaeoenvironmental reconstructions. Benthic foraminifera are divided 

into morphogroups based on the test shape (Figure 2.2); these groups are used to 

infer palaeo-habitats, palaeotemperatures, salinities and substrates; infaunal species 

tending to be elongate and streamlined in order to burrow into the substrate and 

epifaunal species tending to be more globular. Statistical analysis of the abundance of 

foraminifera tests in selected intervals in sediment cores can moreover provide useful 

information on the evolution of palaeotemperatures, nutrients and energy of the 

environments (Murray, 2006). 

 

 
Figure 2.2 - Morphological features of benthic foraminifera (after Boardman et al., 1987) 

 
Approximately 10-30 g of wet sediment were sampled, weighed, freeze-dried and 

then re-weighed to obtain the total dry weight of the sediment, rehydrated in DI 

water and washed through a 63 µm sieve. After sieving, the samples were dried to a 

constant weight in an oven at < 40 °C, and dry-sieved at 125 µm. Samples were then 

picked under a light microscope at SAMS. Where possible, the statistically sound 
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number of 300 tests were picked (Austin, 1991); however, in cores with long 

glacimarine sequences the amount of the > 125 µm fraction was highly variable, and 

often contained very few tests. For these samples, the entirety of the population was 

picked and counted (usually between 0 and 500 tests). Foraminifera <125 µm were 

not counted, most foraminiferal tests below this size comprised unidentifiable tests 

and fragments, moreover recent studies show that generally the assemblage of the 

>63 µm fraction indicates similar ecological controls to the >125 µm fraction 

(Bouchet et al., 2012; Mojtahid et al., 2009). Foraminifera were visually identified 

following the guidance of atlases as Austin (1991); Murray (1979); Murray (2003), 

and with reference to http://www.foraminifera.eu/. 

A number of diversity statistics indexes were calculated on benthic counts using 

the paleontological software PAST 3.14 (Hammer et al., 2001) on samples with more 

than 200 tests (cf. Jennings et al., 2014). Fisher's α (Fisher et al., 1943), dominance 

(1-Simpson’s index) and the Shannon Index (H) (Krebs, 1998) were the preferred 

indexes used in this project. Moreover the foraminiferal density was calculated as the 

ratio of the number of tests per mass of sediment >63 µm in milligrams (mg). This 

measure indicates qualitative information on palaeoproductivity. The C2 program 

(Juggins, 2007) was used to plot the benthic species. 

Several identification difficulties have been encountered in the classification, this 

being based on visual characteristics. Distinction between Quinqueloculina species 

(Ponder, 1974) or Cassidulina obtusa and reniforme (Sejrup and Guilbault, 1980) is 

often complicated. A correct identification can be very significant in 

paleoenvironamental terms, as in the case of the distinction between Cassidulina 

reniforme and obtusa, where the latter is indicator of milder water temperatures 

(Sejrup and Guilbault, 1980). One of the hardest challenges are inter-morphological 

species, that is species that assume several forms, with individual test grading from 

one form into another, thus showing characteristics of both forms. The most obvious 

example of an inter-morphological species is Elphidium excavatum. Elphidium ex. is a 

highly adaptable species (Austin, 1991; Knudsen and Austin, 1995; Murray, 2003; 

Wilkinson, 1979) found in a broad range of environments and highly common in 
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glacimarine sequences on the Hebridean shelf. It belongs to the planispiral 

morphogroup (Figure 2.2), having seven to nine chambers, distinct and deep 

sutures in some cases with septal bridges, and a granular texture in the umbilical 

region (Feyling-Hanssen, 1972). Elphidium excavatum tests with a single boss in the 

umbilicus are defined as form “clavata”. This boss can vary in size, shape and height, 

and in some cases it transforms into several smaller bosses, or even coarse papillae. 

However, Elphidium excavatum with numerous small bosses in the umbilicus are 

known as the form “selseyensis” (Feyling-Hanssen, 1972). Therefore the two forms 

often appear similar, and confusion between them is common. Recent DNA studies 

can however resolve once and for all the distinction (Darling et al., 2016; Pillet et al., 

2013). 

 
 

2.3.3. Radiocarbon dating 

 

Radiocarbon dating has transformed the general understanding of the timing of 

events and rates of change in environmental proxy records since it was developed in 

the late 1940s (Libby et al., 1949). Essentially, radiocarbon dating calculates the time 

elapsed since the death of an organism measuring the radioactive isotope 14C found in 

the remnants of such organism (e.g. shell, bone, wood etc.). The date can then be 

used to approximate the age of the sample in which the material was found. 

Radiocarbon dating is a reliable type of (correlative) radiometric dating methods, 

however it received several critiques in the past (Barnes, 1973; Cook, 1966) related to 

its very theoretical fundamentals. These critiques have been generally disproven 

through the years, a quick introduction to the method is nevertheless relevant.  

Carbon 14 is generated in the upper troposphere/lower stratosphere through the 

collision of cosmic rays with 14N (� + � → ��
��

	
�� + 
). 14C is then swiftly oxidised to 

form radioactive CO2 in the atmosphere, and is taken up by the oceans and into the 

biosphere through photosynthesis along with the other carbon isotopes (12C and 13C) 

so that the isotopic ratios of carbon in living organisms are in equilibrium with their 

atmospheric concentrations. Upon death of the organism the exchange ceases and 14C 
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begins to decay with a half-life of 5730 years. The amount of 14C remaining in the 

sample can be used to calculate the time elapsed since death, and hence age of the 

sample (Libby et al., 1949).  

 

 
Figure 2.3 - Marine13 for marine samples. Implemented in OxCal v.4.2.4 (Bronk Ramsey and Lee, 2013). 

This plot shows how the radiocarbon measurement 500 ± 30 BP would be calibrated. The y axis shows 
radiocarbon concentration expressed in years `before present', with the red curve representing the measurement 

that needs to be calibrated. The x axis shows calendar years. The pair of blue curves are the radiocarbon 

measurements on the tree rings (plus and minus one standard deviation) on which the calibration is carried out. 

The grey curve on the x axis is the result of the interception between red and blue curve, where the higher values 

correspond to higher probability for that calibrated age. 

 
Radiocarbon ages are not the same as calendar time due to past fluctuations of 

14C production in the atmosphere. Calibration is therefore necessary to convert 

radiocarbon ages into calendar equivalents (calibrated ages). Calibration is attained 

by assembling data from speleothems, dendrochronology and lake sediments, which 

can be dated using both radiocarbon and another independent method (i.e. U-Th/Pb 

decay series, ring/varve counting; Fairbanks et al., 2005; Reimer et al., 2013). The 

ages given by the two methods are plotted against each other to produce a 

calibration curve (Figure 2.3), which can be used to correct radiocarbon dates. 

Several programmes available online apply this correction, for this project IntCal13 

(Reimer et al., 2013) and Calib700 were used. 
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Samples from a marine environment need also a “reservoir correction”. This 

correction accounts for the exchange time of CO2 across the air-sea interface, and for 

the upwelling of deep water containing older, and hence more 14C-depleted, carbon 

budgets, which makes marine samples appear older than they actually are. The 

reservoir age for the global surface ocean is approximately 400 years (Stuiver et al., 

1998), the figure calculated for UK coastal waters being 405 ± 40 years (Harkness, 

1983). Austin et al. (2011) provide however different figures for YD and Lateglacial 

sediments.  

After obtaining radiocarbon dates it is important to interpret them, for example 

imposing stratigraphical ordering of dated levels in the sediment core. Recently, 

several software packages have been developed dedicated to age modelling. For 

example “Clam” (Blaauw, 2010) uses basic statistical models such as smooth splines 

and linear interpolation to construct age-depth curves through dated depths, taking 

into account dating uncertainties by random sampling of the dates. Bayesian age-

models such as “Bacon” (Blaauw and Christen, 2011) use more sophisticated 

approaches to constrain the models, including limits on accumulation rate and its 

variability. For this study, the software package “Bacon” has been adopted. 
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2.4. Geochemistry 
 

The U-Th-Pb isotope system is a powerful tool both in geochronological and 

provenance studies (Allégre, 2005; Gwiazda et al., 1996a). The power arises from the 

possibility to combine three different decay systems, each one of them with a 

different half-life and producing a different stable radiogenic Pb isotope. Combination 

of isotope ratios allows to check the fidelity of the age calculated and to gain a varied 

perspective on the source rock. Uranium and thorium decay through a long decay 

chain of intermediate daughters to Pb. In geological terms however the radioactive 

chain rapidly reaches a stationary state, called “secular equilibrium”, where the 

content of all the intermediate daughter products remains constant. Therefore a 

direct parent-daughter dating can be assumed (Allégre, 2005). In Table 2.2 are 

presented the parameters of the U-Th-Pb system. The element lead has four 

naturally occurring stable isotopes, 204Pb, 206Pb, 207Pb, and 208Pb, of which the latter 

three have a radiogenic component produced through the independent decay of 238U, 

235U, and 232Th, respectively. By comparison, 204Pb is strictly non-radiogenic. 

Table 2-2 – the U-Th-Pb system 

Parent Decay mode λ Half-life Daughter Ratio 
232Th α,β 4.948 x 10-11 y-1 1.4 x 1010 208Pb 208Pb/204Pb 
235U α,β 9.846 x 10-10 y-1 7.07 x 108 207Pb 207Pb/204Pb 
238U α,β 1.551 x 10-10 y-1 4.47 x 109 206Pb 206Pb/204Pb 

 

The two different decay equations for 206Pb and 207Pb can be related together in 

Pb-Pb space. The relation is based on the observed consistency (for Earth) of the 

isotopic ratio between the two parent isotopes, 238U = 137.88 235U. 

Radiogenic lead ratios have been related by several researchers to changes in 

chemical weathering (Foster and Vance, 2006; Frank, 2002), the increase of the 

radiogenic component corresponding to increasing weathering intensity. The proxy 

can be applied to glacial cycles, where drier and colder (glacial) periods are followed 

by warmer interglacials where highly reactive glacial debris is exposed by the 

retreating ice front (via iceberg calving/melt-water discharge). Millennial-scale 

changes in weathering fluxes can be investigated and associated to retreating ice 
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sheets and freshwater routes during the retreat (Gutjahr et al., 2009; Kurzweil et al., 

2010). This method has been applied in past studies in deep marine cores (Crocket et 

al., 2013, 2012). In these two papers Fe-Mn oxyhydroxides fractions from marine 

sediments at Orphan Knoll in the Labrador Sea and from ODP site 980, Feni Drift, 

NE Atlantic, encompassing the last glacial/interglacial cycle were leached to obtain 

Pb isotope ratios (complete procedure provided in Crocket et al. 2012). The glacial 

Pb isotope record in these studies shows a fine consistency with other reconstructions 

of ice activity in the Atlantic (e.g. Scourse et al. (2009) on IRD at the Barra-Donegal 

fan with Crocket et al. 2013). The Pb isotope composition in the leached fraction 

depends on both the age and mineralogy of the source bedrock and the intensity of 

chemical weathering in the subglacial to proglacial environment. 

Pb isotopes have proven to be powerful tracers of the origin and provenance of 

marine sediments (e.g. Fagel et al. 2002; Bailey et al. 2013 and references therein). In 

particular, they have been used to investigate the origin of deep-sea sediments or IRD 

events in the North Atlantic region (e.g., Gwiazda et al. 1996a; Gwiazda et al. 1996b; 

Farmer et al. 2003), where adjacent landmass sources showing largely different Nd, Sr 

and Pb isotopic compositions are involved. In this project the same principles are 

applied but the areal scope is reduced to the Malin and Hebrides Seas. In this 

continent-proximal location the aims of the exercise are to to assay the ability of Pb 

(and Sr, Nd) isotope ratios to record local changes and switches in ice stream 

activity. For the interpretation of provenance data, discriminant function analysis 

(DFA) and principal component analysis (PCA) available on R have been utilised. 

Both functions seek an answer to the question of how well it is possible to separate 

two or more groups of data points, if there are available measurements of several 

variables characteristic for these points. As recommended by Garzanti (2016), 

statistical provenance analysis was used as a complement to rather than a substitute 

for geological knowledge, and final provenance interpretation were induced from 

multiple geological and glaciological factors. 
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2.5. Summary 
 

In this chapter the wide range of techniques adopted has been summarily described in 

order to show the rationale behind their selection and application for the purpose of 

this project.  

In summary, the deglaciation history of the western Scottish shelf has been 

assessed using the following methods: 

• Seafloor geometry and sediment architecture in the study area were remotely 

assessed using acoustic surveying techniques. MBES data revealed the present-

day seafloor geomorphology and was used to reconstruct relative ice flow 

direction through time, flow speed and deglacial behaviour. 

• Seismic reflection profiles were analysed in detail to investigate the 

depositional history after the LGM. The profiles were connected to features 

revealed by the MBES survey and complemented the geomorphological 

reconstruction. 

• Several sediment cores were taken from within the study area, and subjected 

to an array of sedimentological analyses. These included measurements of 

various sediment properties by particle-size analysis by laser sizer, multisensor 

core logger, and benthic foraminifera taxonomy. The results provided 

information on the Scottish Lateglacial environment on the western shelf 

during the final stage of deglaciation. 

• Bivalves obtained from various horizons within the cores were radiocarbon-

dated by Accelerator Mass Spectrometry (AMS). The dates were used to tie 

chronologically sedimentary units and regional or global events known from 

previous studies. 

• Three vibrocores on the mid shelf were selected for isotope geochemical 

analysis. Pb, Nd and Sr isotope ratios provided an insight on sediment 

transport direction and chemical weathering fluxes. 
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3.1. Abstract 
 

In this chapter the behaviour and chronology of the Hebrides Ice Stream during final 

retreat in the Southern Hebrides region in SW Scotland is investigated. The Firth of 

Lorn and Sound of Jura served as major drainage conduits for ice flowing from the 

major centre of ice nucleation in the Grampian Mountains, and part of the onset zone 

of the larger Hebrides Ice Stream. High resolution swath bathymetry datasets 

collected in the southern Inner Hebrides region are integrated with seismic facies 

analysis with the aim of providing a reconstruction of ice retreat dynamics. 

Additional information was obtained by the study of sediment cores and re-

assessment of existing boreholes. The assimilated bathymetric and seismostratigraphic 

observations have been used to compile an updated Quaternary map of the offshore 

region.  

The stratigraphy of the study area can be subdivided into five units roughly 

corresponding to those identified in previous mapping. The two main glacimarine 

units are Unit III and IV. Unit III (Barra Formation), has been interpreted as a time-

transgressive subglacial to ice-proximal deposit. The unit forms first grounding zone 

wedges on the mid-shelf and then a succession of retreat (De Geer and push) 

moraines in the shallower waters of the sea-lochs and sounds. Proglacial outwash in 

Kilberry and west of Jura occur within the Barra Fm. as a separate Member. A 

comparison can be drawn between Unit III and the Assynt Formation in the Summer 

Isle region. Unit IV, divided in Unit IVA and IVB, is an ice-proximal to hemipelagic 

deposit equivalent to the Jura Formation.  

Retreat dynamics in the study area follow three main stages: i) rapid tidewater 

margin retreat punctuated by standstills (GZWs), ii) topography-controlled fjordic 

retreat, with evolution from a coherent ice-sheet to separate fjord tidewater glaciers, 

and iii) stabilisation at the transition between tidewater to land-based ice margin. An 

example of the transition between the first and second stages is given by the presence 

of glacifluvial deposits in the Iona area, which indicate formation in an inter-lobate 

position between an “Inner Hebrides Trough/Mull” lobe and a “Firth of Lorn” lobe. 
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This is followed by different retreat styles in the Firth of Lorn and Sound of Jura 

tidewater glaciers, with a coherent pattern of De Geer moraines in the latter and a 

dearth of glacial landforms in the former. This may have been caused by diachronous 

retreat in the two fjords. 
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3.2. Introduction 
 

In recent years an increasing amount of work on the continental shelf around Britain 

and Ireland has produced a growing collection of geomorphological and stratigraphical 

data accompanied by absolute age controls (Bowen et al. 2002; Evans et al. 2005; 

Hughes et al. 2011, 2015). This effort has contributed to the constant refinement of 

ice sheet reconstructions through the last glacial cycle during the Devensian period, 

giving insights into the nature, magnitude and rates of broad-scale and long-term 

changes in ice mass organisation (Clark et al. 2012). Central to this reconstruction 

has been the study of ice streams, large bodies of relatively fast-flowing ice, which 

have an important role in the reconstruction of the past glaciations key to 

understanding how ice-sheets responded to climate. It is now accepted that the last 

BIIS was drained by a series of ice streams which have been identified on the basis of 

geomorphological and sedimentological records (Bradwell et al. 2007; Van Landeghem 

et al. 2009; Livingstone et al. 2012). The Hebrides Ice Stream (HIS), occupied the 

Malin-Hebrides Sea offshore of western Scotland, draining 5-10% of the total area of 

the BIIS, and delivered sediment to the adjoining Barra-Donegal Fan (Dove et al., 

2015; Dunlop et al., 2010; Howe et al., 2012). Despite that the HIS was a major 

element of the ice sheet in this region, little is still known about its configuration, 

dynamics and chronology. This is especially true during deglaciation, and largely due 

to a hitherto lack of marine data from the continental shelf. 

The southern Inner Hebrides Region was part of the onset zone of the HIS and 

the Firth of Lorn and Sound of Jura (Figure 3.1) were possibly major drainage 

conduits for ice flowing from the western Scottish Highlands and in particular the 

Grampian Mountains. This region was demonstrably the major centre of ice-sheet 

nucleation during the late Devensian and previous glaciations (Sutherland 1984; 

Clark et al. 2012; Boulton & Hagdorn 2006), it was occupied by ice early during the 

Late Devensian and modern evidence indicates that it was fully deglaciated only after 

the Younger Dryas (YD)(Golledge, 2009). The interaction of this ice sheet with the 

proximal marine terminating HIS is reflected in the record of the Southern Hebrides. 
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Figure 3.1 - Regional overview of the study area. The map shows the geographical extent of the geological 

and BGS geophysical data used in this study. The location of both BGS boreholes re-assessed and only referred to 

in the text is reported. In the lower box is represented the flow model of the Hebrides Ice Stream during its main 

stage (modified after Dove et al. 2015); the grey area shows the onset zone of the ice stream. 

 

Although there has been extensive work on the terrestrial record of glaciation 

from the western Highlands and Inner Hebrides (e.g. Bailey et al., 1924; Sissons 1982; 

Sissons 1983; Peacock et al. 1989; Benn & Evans 1993; Peacock et al. 2012; 

Ballantyne 1999), until very recently relatively little work has been conducted on the 

adjacent marine area of the continental shelf. A Quaternary seismic stratigraphy 
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developed by Davies et al. (1984) has not been revised since its publication and has 

been subsequently applied in the Irish sector of the Malin Sea by Dunlop et al. (2010) 

and in the Hebrides Sea by Howe et al. (2012). New bathymetry data within the 

Inner Hebrides have permitted Howe et al. (2012; 2015) and then Dove et al. (2015) 

to carry out extensive mapping of the geology and Quaternary geomorphology, the 

first in the Sea of the Hebrides and Firth of Lorn, and the second in the Inner 

Hebrides region.  

This chapter focuses on the marine region between the Isle of Coll in the north 

and the upper Kintyre peninsula in the south (Figure 3.1) and involves the detailed 

mapping of submarine glacial landforms (partly published in Dove et al., 2015). This 

seabed mapping and observed distribution of glacial landforms has led to the 

identification of previously unrecognized associations with the region’s shallow seismic 

stratigraphy. Legacy BGS seismic data, boreholes and newly acquired sediment cores 

are used to characterise the glacial statigraphy as it relates to the growth and decay 

of LGM glaciation. Finally, the study collates the offshore work with older studies 

both in the marine and terrestrial environment (e.g. Boulton et al. 1981; Sissons 1983; 

Davies et al. 1984), in order to present a complete and up-to-date reconstruction of 

regional ice sheet dynamics after the LGM. 
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3.2.1. Previous studies and LGM reconstructions in the 

southern Inner Hebrides 

 

The SW-oriented strike of the dominant Dalradian metasediments in the southern 

Inner Hebrides region has influenced the erosional pattern and direction of rocky 

streamlined features during successive glaciations (Krabbendam et al., 2016). The 

variable hardness of beds of schists, quartzites and phyllites has produced deeper 

scouring in weaker rocks (Howe et al. 2015). E-W oriented troughs, such as Loch 

Scridain are instead controlled by joint systems widespread in the Hebrides area (e.g. 

Muck Deep, Howe et al. 2012). Broken and irregular plateaus, where the ice abrasion 

was probably hindered by harder lithologies are found where the Devonian granites of 

the Ross of Mull, the Archean gneiss of Iona and the Colonsay group crop out.  

From the orientation of the troughs and over-deepened basins, as well as from 

bedrock and sediment streamlining evident on bathymetry data, it has been shown 

that ice expansion started along the SW direction of the topographic constraints 

(Dove et al., 2015; Finlayson et al., 2014). In the Firth of Lorn this direction was 

influenced by the high ground on the Isle of Mull, being a separated area of ice 

doming and constituting an obstacle for ice flow (Sissons, 1983). Mainland erratics 

are reported to “circumnavigate” Mull, creating the so-called “Mull Sanctuary” where 

only local lithologies occur (Figure 3.2 originally identified by Bailey et al. 1924). 

Analysis of striations and erratic distribution onshore gives instead a predominant E-

W direction (Figure 3.2). For example, in the North of the Isle of Jura striae show 

an overall ice movement from between ESE to WNW and E to W (Dawson and 

Dawson, 1997). On coastal promontories on W Jura and W Scarba most striae are 

aligned E-W despite presence of NE-SW overdeepened trenches in the Firth of Lorn. 

Glacial striations on Scarba, Lunga and Luing show E-W trends as well, 

indicating ice movement from Loch Melfort and the coast. Bonahaven dolomite 

(Argyll Group) erratics found by Tony Spencer (pers. comm., 2014) on Colonsay 

support this E-W ice direction (Figure 3.2). 
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Figure 3.2 - Collection of existing land-based geomorphological (mainly Sissons 1983; D. J. A. Evans et al. 2005; 

Golledge 2010) and marine-based stratigraphic data around the Southern Hebrides Region before this study. The mapped 
distribution of the stratigraphic units (excepting the Holocene Lorne Formation) is shown. The seismic stratigraphy of the 

Malin-Hebrides Sea from the Late Devensian is summarized in the lower left box (modified after Fyfe et al. 1993) 

 
Exceptions and anomalous areas have been registered since Bailey et al. (1924). 

An example is the eastern coast of Jura, where the ice flow direction varies 

considerably below an altitude of 100 m (above that the direction is back to “normal” 

E-W). Dawson and Dawson (1997) conclude that it is unclear whether the low coastal 

area of eastern Jura was subject to N-S ice flow along the Sound of Jura.  

A model and an explanation for this difference in overall ice flow direction was 

given by Finlayson et al. (2014). They reconstruct different stages of ice movement 

for the adjacent Kintyre and Arran area, where the ice was initially (before 29 ka) 

flowing southwards, guided by structural geology and pre-existing topography 

(Kessler et al., 2008), while from the LGM until ~17 ka the authors propose an 

overall E-W ice direction. The retreat is again dominated by topography and is 

controlled by the axis of sea-lochs. This interpretation would then explain the 
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absence of E-W orientation of submarine glacial streamlines with the removal of the 

same by the last stage of ice retreat. 

During the late Devensian, ice expanded independently on the mainland 

Highlands, on Mull and Skye and then coalesced to form a single extensive ice mass 

(Sissons, 1983) which extended to the continental margin (Gordon, 1979; Sejrup et 

al., 2005; Sutherland, 1984; Wilson et al., 2002). At the LGM the HIS occupied the 

modern Malin and Hebrides Sea and drained the whole western Scottish region from 

Skye to Islay, feeding the Barra-Donegal Fan (Dove et al., 2015; Howe et al., 2012; 

Scourse et al., 2009). The HIS reached its maximum extent at the western 

continental shelf edge around 27 ka (Wilson et al., 2002). IRD records from the Barra 

Fan indicate that ice margin retreat began around 24-23 ka (Scourse et al., 2009; 

Wilson et al., 2002) and significant ice losses over the Malin Shelf, probably caused 

by a major iceberg discharge, are recorded around 18.5 ka (Knutz et al., 2001). 

Glacial geomorphological investigations on the shelf indicate that during 

deglaciation the configuration of the ice sheet became lobate with retreat south-

eastwards towards Donegal Bay (Ó Cofaigh et al., 2012) and north-eastwards across 

the Malin Shelf towards Scotland (Dunlop et al., 2010). A large embayment was 

possibly formed on the outer Malin Shelf between ice retreating northwards towards 

the Outer Hebrides and southwards to Ireland (cf. J. Clark et al. 2012), although this 

remains untested by direct observation. 

3.2.1.1. On sea level 

 

The reconstruction of relative sea-level (RSL) curves in SW Scotland up to the LGM 

is not a simple task because the marine-based nature of this sector of the BIIS. RSL 

were produced since the 1960s using sea level index points (SLIPs) based on the 

altitude and age of raised shorelines, estuarine and deltaic sediments or outwash 

terraces (Gray, 1975; Gray and Brooks, 1972; Sissons, 1982; Synge and Stephens, 

1966). More recently SLIP data have been applied to mathematical models in order 

to reconstruct RSL change on a national scale. 
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Reconstructions show that eustatically lower sea level during the MIS 2 glacial 

stage was offset by the isostatic depression of the land. With the retreat of the glacial 

front in the Malin Sea and Sea of the Hebrides this offset was not always positive 

relative to modern OD, as shown recently with the ROMS-Bradley sea-level model 

(applied in Small et al., 2016 at a site off the SW coast of Skye). Moreover, when a 

forebulge in the outer shelf area is taken into account (Jardine, 1982) the outer 

sectors and the shallow platforms in the Malin Sea shallower than ~50 m were 

probably emerged (compare different models by Lambeck, 1995; Shennan et al., 

2006b, 2000; Uehara et al., 2006). However, it is very likely that the troughs and 

majority of the shelf remained submerged during the Lateglacial. Isostatic rebound 

during deglaciation following the LGM was generally faster than eustatic sea level 

rise producing relative sea level decrease until the Holocene transgression, when 

accelerating eustatic rise outstripped the slowing rate of uplift.  

For the Lateglacial, Shennan et al. (2000) presented SLIPs from the Kentra and 

Arisaig area (between Skye and Ardnamurchan), which was covered by relatively 

thick ice (absolute minimum 900 m according to Fabel et al. 2012) at LGM. They 

show a regression from a marine limit between 36.5 m OD and 40 m OD at c. 16 ka 

cal BP to a YD minimum of -10 OD. Further observations from Knapdale (Kintyre) 

provided by Shennan et al. (2006) produce a relative sea-level reconstruction that 

shows a fall from as high as ca. 30.5 m OD at ca. 17 ka BP, to less than 9 m above 

present ca. 10 ka BP. Geomorphological evidence, and landform preservation in 

different areas (e.g. Sound of Mull, Sound of Jura etc., Dove et al. (2015) supports 

the SLIP data and modelling. They show series of minor transverse ridges between 

larger recessional moraines that are interpreted by the authors to  likely be De Geer 

moraines (Lindén and Möller, 2005). This would indicate that these ice marginal 

landforms were deposited in a sub-aqueous environment (cf. Todd et al. 2007; Van 

Landeghem et al. 2009). Interplay between glacial isostasy and sea-level rise during 

the Lateglacial, and its effect on geomorphology remains controversial, although 

intensive study of raised shorelines was performed from 1960 to 1980 by Sissons and 

co-workers (e.g. (Jardine, 1982; Sissons, 1982). Very little is present on submerged 
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features; Hall & Rashid (1977) published a brief study on a prominent planar feature 

in the Firth (Old Red Sandstone outcrops according to Howe et al. (2015)) that they 

interpreted to be a wave-cut platform. 

 
 

3.2.2. Shallow seismic stratigraphy 

 

A seismo-stratigraphical framework of the Hebrides-Malin Sea was proposed by 

Davies et al. (1984), improving on earlier work (Binns et al. 1974; Bishop & Jones 

1979; Boulton et al. 1981) and has been subsequently applied in more recent 

characterizations of the region’s shallow geology (e.g. Fyfe et al. 1993; Howe et al. 

2012). 

Ice expansion at the LGM produced a widespread and irregular unconformity 

(the Main Erosion Surface (MES) cf. Davies et al. 1984) across the shelf that is 

patchily covered by a thin diamicton, named Hebrides Formation (Davies et al., 

1984) or Minch Formation and interpreted as subglacial till (Boulton et al., 1981). 

This coarse-grained diamicton (up to 10 m thick) of variable colour is overlain by 

glacimarine sediments, but it is not always stratigraphically constrained, as it is often 

found directly on bedrock (i.e. it could be pre-late Devensian sediment). Descriptions 

of the associated onshore subglacial till are very limited; the till cover is found 

extensively on Islay (Dawson and Dawson, 1997) but it is infrequent in the rest of the 

west Scottish coastal region. 

The retreat of the ice margin was associated with the accumulation of a thick 

package of glacimarine sediments that Davies et al. (1984) classify in two Formations, 

the Barra and Jura Formations. 

3.2.2.1. Barra Fm. 

 
The lower and oldest unit is the Barra Formation. It has a maximum thickness of 

~130 m in the western part of the Malin Sea, but it becomes thinner moving 

eastward and in the Firth of Lorn it is not recorded at all. Over large areas it has a 

transparent seismic signature which represents high accumulation rates (Davies et al., 
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1984). Limited micropaleontological evidence from BGS borehole 78/02 suggests that 

the Barra Fm. is of ice-proximal glacimarine origin (Fyfe et al., 1993), deposited 

immediately after the LGM in a shallow sea associated with glacio-isostatic 

depression. However, presently, no direct dating exists on the Barra Fm. It has been 

tentatively correlated to the Errol Beds, onshore deposits of Arctic affinity in the Tay 

and Earn regions, eastern Scotland (Davies et al., 1984; Fyfe et al., 1993; Peacock, 

1981). In western Scotland a correlation was drawn between the Barra Fm. and the 

glacimarine sequence of interstratified diamictons, bedded sands and fines present in 

Kilchiaran, Islay (Benn and Dawson, 1987; Dawson and Dawson, 1997).  

3.2.2.2. Jura Fm. 

 
The second unit, the Jura Formation thickens up to about 200 m moving towards the 

sea-lochs, where it is mostly confined in rockhead troughs (Davies, 1984). It is 

acoustically stratified, with close, sub-parallel reflectors draping the underlying 

geomorphology. Only in two BGS boreholes, 81/10 and 78/2 (Figure 2.1) both the 

Barra and Jura Formations are sampled together, albeit the interval recording the 

transition or contact between them is missing. The Jura sediments appear to 

comprise softer, structureless dark-grey silty clays with a higher sand content, rare 

oversize clasts and frequent shell fragments (Fyfe et al., 1993). 

Internally, the Jura Fm. shows variations in its local seismic character. Boulton 

et al. (1981) identified seismic units in the Sea of the Hebrides that later Davies et al. 

(1984) demoted to “members” and ascribed to the Jura Fm.  

The downgrading is due to the impracticality of extending such subdivision 

south of the Ardnamurchan peninsula. In the isolated sub-basin from Skye to 

Ardnamurchan Davies et al. (1984) identifies four different members. In the Malin 

Sea and in the Firth of Lorn Davies (1984) provides variations, albeit only tripartite, 

of the subdivisions but no further nomenclature. The details of such classifications are 

given in Table 3.1. 
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Table 3-1 - showing the internal seismic facies and subdivision of the Jura Formation proposed by Davies (1984) 

  
Sea of the 
Hebrides 

Malin Sea 
Firth of Lorn 
(sub-basin east of 

Colonsay) 
  

  

              Lorne Formation 
J
u

ra
 F

o
rm

a
ti

o
n

 

Sleat Mb.: acoustically 
transparent and poorly 

developed. It is 
separated from the 
Arisaig Mb. by an 

erosional unconformity  

Top unit up to 20 m 
thick, similar in seismic 
signature to middle unit. 

Top unit relatively thin 
(between 10 and 15 m), 
seismically identical to 

the middle unit but 
separated from it by a 
marked disconformity Arisaig Mb.: 

acoustically transparent 
. Maximum thickness 

unknown due to 
acoustic blanking. It 
infills throughs and 

hollows. 

Middle unit of 
subparallel reflectors 

infilling existing 
depressions (up to 40 m 
thick). Separated from 
top unit by diffraction 

hyperbolae. 

Middle unit (25-30 m), 
composed of medium 

strength reflectors. 
Diffraction hyperbolae 

are common. 
Rhum Mb.: extremely 

well bedded, confined to 
a horizon of about 15 m 

thick. 

Basal unit of constant 
thickness (~15 m) 

composed of parallel 
reflectors, draped on 

underlying unit or 
basement rock. 

Basal unit (~30 m), 
composed of weak 

reflectors, separated 
from middle unit by a 

disconformity 

Muck Mb.: virtually 
transparent, albeit 
shows indication of 

beddings in few 
occasions. 

  
  

Barra Formation 
(glacimarine) 

  
  

  Minch or Hebrides Formation (till) 

 

The complexity of the Jura Formation was probably caused by the 

paleoclimatic and hydrodynamic variations (Uehara et al., 2006) that affected the 

area during the Lateglacial (Davies, 1984) (see also Chapter 5). 

At the entrance of the Firth of Lorn, Davies et al. (1984) identify cobble or 

boulder pavements developed in the Jura Fm. near the modern seabed. This layer is 

acoustically expressed by a series of overlapping point source diffractions. The 

pavements are described as inhibiting the penetration of seismic energy to the units 

below, with the result that little is known about the underling stratigraphy of this 

area. The authors speculate that the cobble pavements indicate an increase in 
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intensity of glacimarine conditions – i.e. decreased temperature and re-advance of ice 

- that occurred during the YD.  

3.2.2.3. Dating the offshore deposits 

 

Offshore deposits older than the Jura Fm. remain at present undated, while ages for 

Jura Fm. deposits are clustered in the Firth of Lorn. From BGS borehole 71/09, SE 

of Colonsay (Figure 3.1), two dates (Harkness and Wilson, 1974) of 9.96 ± 0.2 cal 

ka BP (6 m below sea bed) and 16.47 ± 0.3 cal ka BP for the base of the Jura 

Formation (~30 m depth) were obtained. The second date would represent the 

minimum age for the establishment of glacimarine conditions in the area. Davies et 

al. (1984) indicated however that some contamination from Mesozoic material is 

probably included in the results, making the dates older (supported also by Sissons 

1981; Jardine 1982). 

Micropalaeontological analysis of dynoflagellate cysts and foraminifera in the 

Jura Formation from BGS borehole 71/09 shows the presence of both warm and cold 

faunas (Peacock et al., 2012). Such a fluctuating climate supports a Lateglacial to 

Holocene age for the formation. Therefore the base of Jura Formation has to predate 

the YD, and that change in seismic signature between the Barra and Jura formations 

could be linked to the retreat of polar waters from the vicinity around 13.5 ka 

(Ruddiman & McIntyre 1981). More recently a date of 12.2 ± 0.04 ka BP for the 

base of the marine succession in borehole 71/09 was obtained by Peacock et al. 

(2012) and the authors propose that the absence of older sediments from the core 

indicates either erosion or no-deposition, possibly due to the presence of ice cover. 

However, a possible prolonged presence of ice cover conflicts with evidence that the 

coastline of western Scotland was deglaciated as early as 17 ka (C. D. Clark et al., 

2012; Shennan et al., 2006; Small et al., 2017). 

Onshore, Lateglacial marine strata that could be correlated to the Jura Fm. are 

known as Clyde beds (Peacock, 1981). Clyde beds occur mainly between 0 and 10 m 

OD (with few exceptions up to 35 m OD) in the Clyde estuary but are also observed 

in various localities close to Loch Linnhe (Figure 3.1). A typical succession begins 
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with laminated silts, sands and clays usually up to 1 metre thick, followed by a unit 

of sulphide-rich, grey clayey silts and sands, with occasional outsize clasts. These beds 

contain generally a high-boreal fauna and have been dated after 13.5 ka BP (Peacock, 

1981). 
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3.3. Methods 
 

3.3.1. Multibeam swath bathymetry (MBES data) 

 

A large compilation of swath bathymetry data were utilized for this study. The swath 

bathymetric data covers an area from the Isle of Mull in the north to the Sound of 

Jura in the south and was acquired for the Maritime & Coastguard Agency's (MCA) 

Civil Hydrography Programme (CHP). The study area incorporates Hydrographic 

Instruction survey areas 1298, 1329, 1362, 1363 and 1371. The dataset was also 

published in Dove et al. (2015) and specific information regarding data acquisition is 

detailed in that paper. For this project the individual datasets were compiled and 

gridded to the best-possible horizontal resolution (water depth dependent), between 2 

and 4 m. This has been achieved using the IDW interpolation method on ESRI 

ArcGIS v.10.1 and subsequently building mosaic raster datasets. High resolution 

NEXTMap airborne radar data along the adjacent coast are used to provide 

additional information on the transition between land and offshore glacial features.  

Shaded relief images were created using the ArcMap Image Analysis tool; a 

vertical exaggeration was applied in order to accentuate features of subtle relief. Two 

to three different layers of artificial illumination of the relief were applied following 

the recommendations by Smith & Clark (2005) and Smith & Wise (2007). In general 

a source of orthogonal light superimposed to one parallel to the dominant direction of 

the features of interest was utilized in order to reduce bias and suppression by 

shading, and to accentuate the topography. Gradient slope derivatives were also 

created in order to make lineaments topographically distinctive. A strong advantage 

of the gradient slope is that ridges are normalised for elevation and there is no 

azimuth bias as in normal hillshading. 

Glacial landforms were mapped via manual digitisation using ESRI ArcGIS, 

with the interpretation based on visual properties (e.g. rugosity) and geometry of the 

landform as observed on the swath bathymetry. In addition, the data from the Firth 

of Lorn were visualised and manipulated in a 3D environment using iView 4D, 

providing significant assistance in the detection and assessment of seabed landforms. 



Chapter III: Deglaciation of offshore SW Scotland: an integrated reconstruction 

 

70 
 

Mapping was conducted at the highest possible scale (1:4000–1:8000), in order to 

capture the complexities at seabed that may have been overlooked in the previous 

studies. Landforms that are presented in Dove et al. (2015) and Howe et al. (2015) 

have been mapped here at a higher resolution, and a substantial number of 

unrecognised features have been added to the database.  

 
 

3.3.2. Seismic data 

 
To compliment the high-resolution multibeam data, scanned images of single-channel 

seismic data, mainly 3.5 KHz pinger lines supported by generally poor quality sparker 

lines, collected in the study area by the British Geological Survey in 1972 and 1985 

were analysed. For the 1972/5 and 1972/6 surveys data were gathered for using the 

Decca Main Chain navigation system and shallow seismics were collected using a 

2500J Sparker. The seismic profile data were firstly imported into a vector graphics 

editor in order to maximize image quality and facilitate interpretation of seismic 

stratigraphy. In this environment, line interpretations where produced for every 

seismic line. The same seismic lines were subsequently plotted on ESRI ArcGIS as an 

additional layer on the bathymetry data. The overlap was used to investigate the 

correlation between sedimentary units with seabed geomorphology. Specific points or 

segments on the lines where identified on the MBES data with the help of line fixes. 

The distribution and morphological details of large buried features (e.g. glacial 

lineations, grounding-zone wedges) that cannot be resolved with a multibeam sonar 

system were also studied. 

 
 

3.3.3. Core data 

 
Core data (Table 3.2) were used to ground-truth and potentially corroborate 

interpretations made on the basis of geomorphological and stratigraphic observations. 

A number of different sources available were consulted in order to cover the entire 

study area. 
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Sedimentological logs and micropalaeontological reports for legacy BGS 

boreholes 81/10, 78/02 (Appendix III) and 72/9, 73/27, 73/25, 71/09 were re-

assessed. Core 15_07-22R, obtained during a BGS offshore drilling trial in August 

2015 was logged for this study and two mollusc shells were sent to 14CHRONO 

Centre in Queen’s University Belfast for radiocarbon dating (Table 3.3). 

 
Table 3-2 - BGS, SAMS and BRITICE-CHRONO key core and borehole location data 

Core ID Type Latitude 

(N) 

Longitude 

(W) 

Water 

depth (m) 

Core length (m) 

BGS BH 78/02 Borehole 56° 7.65’ 7° 30.350’ 119 75* (66 m) 

BGS BH 

81/10&10A 

Borehole 56° 18.533’ 

56° 18.519’ 

6° 58.704’ 

6° 58.672’ 

70-72 146.85 

BGS 15_07-22R Drill 56° 05.578’ 6° 06.633’ 19.5 39.22** 

(1.75 m) 

JC106_149VC Vibrocore 56° 23.83’ 7° 26.928’ 136 4.5 

JC106_151VC Vibrocore 56° 8.427’ 7° 32.263’ 112 4.1 

GC147 Gravity core 56° 16.315’ 6° 33.601’ 65 1.15 

 

 
Table 3-3  - Radiocarbon ages. Errors are presented to 2 sigma. No deltaR correction applied 

Lab. code Core Depth in 

core (m) 

Material 14C age (yr 

BP) 

Cal. age (cal 

yr BP) 

UBA-29960 JC106_149VC 4.2 Bivalve frag. 18441 ± 94 21864 ± 300 

UBA-29138 JC106_149VC 0.51 Bivalve frag. 12951 ± 48 14807 ± 320 

UBA-31511 15_07-22R 1.55 (40.77) Yoldiella sp. 13036 ± 54 14976 ± 239 

UBA-31510 15_07-22R 0.36 (39.58) Yoldiella sp. 12814 ± 54 14510 ± 349 

 

Vibro cores JC106_149VC and JC106_151VC were collected during the 2014 

BRITICE-CHRONO cruise on board of the RRS James Cook. The cores were logged 

and shell fragments from core 149VC were sent to 14CHRONO Centre in Queen’s 

University Belfast for radiocarbon dating (Table 3.3). Core 149VC and 15_07-22R 

were also sampled for foraminifera analysis. Gravity core GC147 was collected during 

a cruise in 2014 on board of the SAMS RV Calanus. The core was split, logged and 

sampled for grain size analysis and foraminifera counting. 

Lithologies from boreholes and cores directly over or close to geophysical runs 

were tentatively correlated to the seismic stratigraphy. 

3.3.4. Updated late Devensian elements of the Quaternary map 
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The new MBES data has drawn attention to previously unrecognized relationships 

between geomorphology and the sub-surface. In order to better understand the 

geographical distribution of the revised seismostratigraphic units and their 

relationship to the glacial landforms, a new Late-Devensian map of the study area 

from the MBES and Pinger datasets was compiled using ESRI ArcGIS. This map 

updates the older versions (BGS, 1987a; Fyfe et al., 1993). Each formation has been 

re-mapped separately, and for consistency, the original colouring of Fyfe et al. (1993) 

was adopted where possible, and maintained the nomenclature proposed by Davies et 

al. (1984). The new insights in seabed landforms and its connection to the detailed 

study of shallow seismic data has permitted substantial improvement of the previous 

mapping, highly refining the areal resolution and permitting the classification of 

extensive regions that were previously left as “undifferentiated Quaternary”. 

Moreover, both the Hebrides and Lorne formations have been mapped, albeit often 

relying only on their superficial expression on MBES. The seabed glacial landform 

mapping carried out for this study has also been incorporated in the map, with the 

aim of integrating the two records. Key mapped locations are presented in this 

chapter (see Figure 3.3), the entire mapped region is provided on the CD. 
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3.4. Results 
 

The following section describes the seabed geomorphology and sedimentary 

architecture of the shallow sub-surface in the southern Hebrides Region. The 

geomorphological descriptions focus on three geographical areas where glacial 

landforms are numerous (Figure 3.3).  

 
Figure 3.3 - Location of the chapter figures in the study area 

 
For each area, the geomorphological description is followed by an associated 

interpretation. Then a description and interpretation of the late-Devensian seismic 

sedimentary units is provided, correlating and updating the results to the regional 

study carried out by H.C. Davies (Davies, 1984) and the existing BGS boreholes and 

cores obtained for this study. Correlations between the two data types are made 
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where possible, providing an integrated glacial interpretation of the seabed and 

shallow sub-seabed. Lastly, these landform-sedimentary architectures associations 

have been used to construct an updated Quaternary map of the study area. 

 
 

3.4.1. Geomorphology 

 

3.4.1.1. Isle of Iona area 

 
Description: This area encompasses a region of approximately 400 km2 west of the 

Isle of Iona (Figure 3.4). The basement geology comprises an inlier of hard Lewisian 

acid gneisses that extends from a vertex 3 km NNE of Iona to about 15 km SSW of 

the same. It is characterised by an irregular and rough surface on the MBES data. 

The Moine Thrust delimits this wedge to the East (interpreted, cf. Fyfe et al. 1993), 

through the Sound of Iona. To the west, an escarpment detected in the bathymetry, 

with clear change in geomorphological signature, is interpreted here as the western 

limit. The rest of the area comprises Permian to Cretaceous calcareous siltstones 

(BGS, 1987b) with minor outcrops of igneous rocks. To the North a rock head drops 

steeply following the southern side of the Inner Hebrides trough. The Quaternary 

sediment cover over the area does not exceed 10 m and it has not been differentiated 

(BGS, 1987a).  

Elongated ridges 

A total of 360 elongate ridges were mapped within this area. They appear 

predominantly where the softer Mesozoic basement is present, although a group sits 

on the southern part of the interpreted Lewisian gneiss. 
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Figure 3.4 – (starting from previous page) Late Devensian geological map of the Iona area. a) Correlation 

between seismic evidence from a segment of the BGS pinger line 1985-28, MBES data in the Iona area and SAMS 

GC 147; b) long arcuate ridges possibly related to ice margin deposits; c) sinuous ridges on the northern part of 

the Lewisian plateau interpreted as eskers; d) roches moutonnées 

 

No elongate ridges are mapped in immediate vicinity to the Isle of Iona. In the 

South and East the ridges show a mixed population of high and low elongation ratios 

(length/width). Low ratio ridges (as low as 3) are generally only up to 5 m high, 

showing an irregular ellipse or tapering planimetry. The broader and more equant 

landforms appear adjacent to or on the interpreted Lewisian plateau and become 

progressively longer and narrower moving away from it. The longest are up to 17 km, 

with maximum elongation ratios of 16, and show heights ranging from 2 to 15 metres. 

In the North and West the vast majority of the elongate ridges have high elongation 

ratios (up to 19); extremely narrow linear ridges (Figure 3.4), fluted and furrowed 

terrain are common, especially protruding from bedrock outcrops, or apparently 

carved in the bedrock itself. These outcrops of probably igneous rocks are 

characterised by polygonal and flat-topped planimetry, with a steep lee side and 

gentle-sloping stoss side (Figure 3.4d).  

The general orientation of the elongated ridges is NE-SW, with a few degrees 

deviation towards the WSW in the north-eastern part, where the ridges curve around 

the Isle of Iona. A confined group of minor ridges observed between the North and 

South assemblages, and close to the escarpment delimiting the Lewisian non-
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conformity, are orientated to the SSW. These more southerly ridges are up to 500 m 

long, between 2 and 8 m high, and have elongation ratios of 2 to 4. 

Transverse ridges 

Slightly arcuate 1.5 - 2 km long, 3-7 m high and ~600 m broad ridges, orthogonal 

(i.e., transverse) to the main direction of the streamlined features have been mapped 

in the central, eastern and northern part of the area but not in the south. These large 

ridges are accompanied by a suite of high-frequency, asymmetrical minor parallel 

ridges, measuring ~50 m in width and less than 2 m in height, closely spaced at 

intervals of between 70 and 90 metres. All of these transverse features clearly overly 

the streamlined topography and follow orthogonally the changes in directions of the 

elongate ridges. 

Sinuous ridges 

A third set of arcuate and sinuous features show distinct characteristics from the 

previous groups. These appear only on the Lewisian rock platform W and SW of 

Iona, in water depths of about 22-27 m, displaying a general WSW direction almost 

parallel to the streamlined features (Figure 3.4c). The two longest ridges (56° 18’N, 

between 6°31’W and 6°28’W) are up to 2.1 km in length and have a relatively low 

amplitude, about 40 metres wide and 3-4 m high. They present a rounded crest and 

asymmetrical profile, with the south-eastern side steeper than the north-western 

(Figure 3.4b). The rest of the sinuous features are clustered mainly along the 

Mesozoic-Lewisian margin, they have a maximum length of 600-700 m with the 

majority about 100 metres. The average width is ca. 20 m and the height does not 

exceed 1.5 metres. These smaller ridges appear either in staggered sequences, usually 

sub-parallel, with the ends sub-perpendicular to the orientation of the sequence and 

tend to exhibit chevron-like or anastomosed patterns. 

Interpretation  

Elongated ridges - streamlining 
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This area of discontinuous sediment over bedrock contains abundant elongate 

landforms that are interpreted as a product of glacial moulding. There are two 

different assemblages of ridges: a southern assemblage occupied mainly by smooth 

sediment-dominated features interpreted as drumlins, and a northwest assemblage 

dominated by moulded bedrock, flutings and crag-and-tails. Crag-and-tails are 

numerous and easily recognisable on the bathymetry data due to the presence of a 

rough rocky knoll followed by a long tail of smooth-looking unconsolidated sediment. 

The different assemblages most likely reflect variations in the thickness of till  cover 

across the shelf (cf. Boulton et al., 1981; Davies et al., 1984). The observed increasing 

elongation ratio of the streamlined ridges from east to west is attributed to the 

change in substrate lithology, from hard Lewisian basement to softer deformable 

Mesozoic sandstones and till. It has been shown in different studies (Boulton and 

Jones, 1979; Bradwell and Stoker, 2015b; Stokes and Clark, 2002) that lower basal 

shear stresses reflecting a ‘soft bed’ and deformable substrate facilitate higher ice flow 

velocities  and produce longer and narrower streamlined ridges. Two different flow-

sets are identified; an older flow set directed SW and extending over the whole area 

and a second flow set comprising smaller bedforms restricted to the ground adjacent 

to the Lewisian escarpment. No erosional remnants of features with similar 

orientation have been observed elsewhere in the study area and it is therefore 

reasonable to assume that the observed extent of these landforms is a true 

representation of the original depositional area. The significance of these flow sets will 

be further considered in the Discussion. 

Transverse ridges - moraines  

Based on their morphology and orientation perpendicular to the streamlined ridges, 

the major transverse ridges observed in the central part of the study area are 

interpreted as recessional moraines. In between the large moraines, smaller higher 

frequency and low amplitude ridges are interpreted as De Geer moraines, consistent 

with features observed elsewhere on the British shelf (e.g. Van Landeghem et al. 

2009; Bradwell & Stoker 2015). This suite of moraines indicates the existence of a 

grounded, marine terminating and slowly retreating ice margin (Ottesen and 
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Dowdeswell, 2006), that withdrew around the Isle of Iona and into the Inner Hebrides 

Trough. A similar clear and well-preserved moraine pattern is not present on the 

drumlinised area in the South, although a few relict De Geer moraines are observed 

there. 

Sinuous ridges – glacifluvial features 

On the Lewisian plateau the sinuous ridges are tentatively interpreted as a 

heterogeneous assemblage of features related to glacifluvial activity, possibly eskers. 

Interpretation as De Geer moraines or crevasse-squeeze ridges is ruled out. Firstly, 

the sinuous ridges are clearly perpendicular to the mapped De Geer retreat pattern in 

the area. Secondarily, crevasse-squeeze ridges are typical of surging glaciers in more 

constrained fjordic settings (e.g. Flink et al. 2015; Streuff et al. 2015), and no other 

crevasse-squeeze ridges are observed. Clark & Walder (1994) observed the 

distribution of eskers in areas covered by the Laurentide and Eurasian ice sheets 

during the last glaciation and showed that most eskers occur over crystalline bedrock 

overlain by discontinuous, high-permeability till, but are rare or absent over 

sedimentary bedrock overlain by fine-grained, low-permeability till. Such a condition 

is present in this setting. Therefore, in absence of lithological groundtruthing, these 

cryptic features are best explained as eskers. 

However, the two longest features described represent an exception. The arcuate 

shape and asymmetrical profile is more consistent with an interpetation as moraines 

indicating a SE retreat direction. 

3.4.1.2. Isle of Islay area 

 
Description: A diverse assemblage of elongate and transverse ridges is preserved on 

the seafloor about 10 Km West of Nave Island (Figure 3.5). This area belongs to 

the Islay-Donegal platform, found between the Colonsay and Loch Gruinart Faults. 

The substrate is part of the Colonsay Allochtonous Group, metasediments similar to 

those of the Dalradian Appin Group although the timing of deformation is still 

largely unknown (Fyfe et al., 1993). Seabed mounds or ridges are almost absent on 

the bedrock plateau that dominates the eastern side of the area and extends between 
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Colonsay and Islay and appear after a ~20 m approximately N-S oriented escarpment 

where the hard rock starts to be covered by sediment. Here, a swarm of streamlined 

features comparable to the assemblage observed in the southern part of the Iona area 

has been mapped. 

Elliptical ridges with low eccentricity, short (around 300 m) and tapering, rise 

close to the escarpment with a common WSW orientation. Moving south, the ridges 

increase in length and elongation ratio, they also curve showing a more pronounced 

SW direction. A well developed, extensive dune field covers the northern part of the 

area and it is not possible to establish whether the bedforms continue beneath it. 

Within the area, a set of narrow transverse arcuate ridges, 100-200 m wide and up to 

3 m high are superimposed upon the streamlined terrain recorded by the elongate 

ridges. A small number of these transverse ridges are also observed on the Colonsay 

plateau. A second set of transverse ridges that are more lobate in planform are 

observed closer to the bedrock escarpment and are at times topographically 

indistinguishable from the streamlined ridges, the two groups becoming a continuous 

pattern of irregular sediment mounds (Figure 3.5a).  
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Figure 3.5 - Late Devensian geological map of the Islay area. a) curved streamlined field west of Nave 

Island with superimposed retreat moraines and change into ribbed moraines (arrow); b) drumlin field partly 

covered by Lorne Fm. sand dunes (arrow); c) (next page) Segment (A-B) of the BGS sparker line 1972-2 showing 

the seismic architecture west of Nave Island; the line drawing shows the interpretations (the legend is given in 

Figure 3.9) 

 

Interpretation: The landforms preserved west of the Isle of Islay are considered to 

represent a single subglacial assemblage, with flow parallel streamlined ridges 

superimposed by retreat moraines. Once again, the progressive increase of elongation 

ratio is interpreted to reflect the control of substrate type and related increase in ice 

flow speed downstream.  
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Figure 3.5c - Segment (A-B) of the BGS sparker line 1972-2 showing the seismic architecture west of Nave Island; the line drawing shows the interpretations (the legend is given in 

Figure 3.9). The location of the line is given in Figure 3.5 
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The morphology of the second set of transverse arcuate ridges is consistent with 

a set of ribbed moraines (cf. Finlayson & Bradwell, 2008; Dunlop and Clark, 2006).  

Ribbed moraines can superimpose flutings in palaeo-ice streams and may indicate 

changes in thermal conditions at the ice-bed interface (Benn and Evans, 2010). 

Dunlop & Clark (2006) observe mega scale glacial lineations or the tails of crag-and-

tails “ribbed” into sequence of minor ribbed moraines. These are interpreted as ribbed 

moraines, (contrary to what published in Dove et al., 2015). This geomorphological 

evidence might indicate thermal changes at the ice-bed interface, maybe dictated also 

by substrate lithology changes. 

3.4.1.3. Sound of Jura 

 
Description: The Sound of Jura, between the Isle of Jura and Isle of Islay in the 

west and the Kintyre peninsula in the east, is a 6 km-wide and 70 km-long fjord with 

the long axis oriented NNE-SSW. The Dalradian basement rocks belong to the Argyll 

Group (Easdale Subgroup), mainly slates and phyllites with a strike subparallel to 

the axis of the fjord disturbed by folding. Moreover, the Palaeogene basic dyke suite 

that pervades the entire Inner Hebrides region has a marked NW-SE trend. The 

strike of the bedding and the dyke swarms complicate the identification of ice-

moulded streamlined features, although the latter have a more pronounced N-S 

orientation, and morainic ridges in the fjord. 

Elongate ridges  

More than 270 elongate sediment ridges and moulded bedrock outcrops with a 

consistent N-S orientation were mapped. Along the entire eastern coast of Jura a 

series of sediment ridges show matching direction to the main flow assemblage in the 

Sound. 
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Figure 3.6 - Late Devensian geological map of the SE portion of the Sound of Jura area.  

On the right is shown detailed bathymetry image of the Kilberry Bay sediment platform and associated landforms 
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Kilberry Bay assemblage 

South of Loch Caolisport and close to Kilberry Bay the seafloor geomorphological 

assemblage is quite distinctive and different from the rest of the Sound (Figure 3.6). 

Here, a series of large mounds have been mapped. The mounds are up to 30 m high 

400 m wide, ellipsoidal and even equant, and are oriented toward the SW. They sit 

adjacent to a submarine lobate sediment platform that extends from the coastline 

and exhibits a gentle slope from -5 to -10/15 m. Even if some of the mounds protrude 

or seem to have been carved from it, the plateau is most likely younger than the 

mounds and the apparent relation between the two may be caused by the activity of 

bottom currents. Transverse ridges that superimpose the mounds are not present on 

the plateau, apart from small fragments at the point of the lobes. This indicates that 

the platform is stratigraphically younger or at least coeval to the formation of the 

transverse ridges. Low, sinuous or arcuate ridges are observed only on the platform, 

some oriented roughly the same as the mounds, others following the curved sides of 

the sediment lobes. The most prominent of these ridges is about1.3 km long and 

presents a flat top (Figure 3.6). 

Transverse ridges 

A large number of ridges (about 1500) transverse to the axis of the Sound have been 

mapped along its length. These ridges consist of elongate and irregular mounds that 

are superimposed on the streamlined seabed. Two different groups of transverse 

ridges have been identified: i) large ridges and ii) closely-spaced ridges. The i) large 

ridges are features almost transverse to the sea loch axis that can be tracked across 

from one side of the fjord to the other. They present a complete length of more than 

2 km for each segment, a height between 3 and 10 metres and width from 150 to 400 

metres. Overall they show a symmetrical profile, occur at a semi-constant spacing 

that ranges from between 0.7 and 2 km, and occur independently of topography, in 

that ridges occur both between, and on top of, bedrock topographic highs. Across the 

entire Sound, 22 main ridges were counted.  
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Secondary sets of ii) smaller ridges, up to 4 m high and 50 m wide, are observed 

between the large ridges. These ridges are closely (<100 m separation) and regularly 

spaced, commonly with about 15 segments between each large ridge. They rarely 

exceed 300 m in length, with the majority of ridges measuring around 150 m. This 

latter characteristic may be due to a preservation phenomenon (Dove et al., 2015), 

either in terms of marine erosion or burial by postglacial sediment. 

Interpretation:  

Elongate features - streamlining 

The NS-oriented features are interpreted as ice-flow parallel, streamlined ridges 

moulded by the passage of ice moving parallel to the axis of the Sound. In the north 

and the centre of the Sound, the style and roughness of the elongate ridges indicate 

that moulded bedrock is the dominant feature over sediment drumlins (the shallow 

seismics in the area support the interpretation). The till cover is therefore relatively 

thin. Crag-and-tails are also common in this part of the Sound, with the typical 

characteristics defined in the Iona area (see above). Drumlinoids are more common in 

the south, close to the sound of Jura, where the sediment cover appears to thicken 

up. 

Transverse ridges - moraines 

The high frequency, low amplitude, and regularity of the small transverse ridges is 

consistent with De Geer moraines (Lindén and Möller, 2005). They differ from 

submarine dunes or megaripples in terms of the “smoothness” of the MBES seabed; 

dunes have also sharper crest lines and steeper lee slopes (Dunlop et al. 2010; Van 

Landeghem et al. 2009). Moreover, in the Sound of Jura dunes occur in fields often 

superimposed on the transverse ridges themselves. The transverse ridges differ also 

from bedrock dykes which are present in the region, although the distinction is not 

always straightforward. Dykes have a more regular and squared morphology, which is 

commonly independent from the surrounding topography, and can be often tracked 

onto adjacent landmasses. The interpetation as De Geer moraines supports the 

interpretation that during deglaciation a tidewater glacier occupied the Sound of 
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Jura, and its retreat is recorded by a well-preserved sequence of De Geer moraines 

along the Sound floor (cf. Todd et al. 2007; Van Landeghem et al. 2009). This 

pattern implies a slow episodic retreat along the axis of the fjord possibly interrupted 

by more prolonged stillstands recorded by the large moraines. Drumlins observed on 

the low-lying east coast of the Isle of Jura present same orientation and style to the 

submarine landforms. Therefore the coast was under fast southward-moving ice, 

probably the same that occupied the Sound. However, no De Geer moraines have 

been mapped onshore; this may be due to lower preservation potential on land, but it 

could also indicate asynchronicity between the two records. 

Kilberry Bay assemblage – proglacial delta 

The lobate, gently sloping platform observed in Kilberry Bay is interpreted as a 

submarine proglacial fan/delta or set of stacked debris flows deposited by slowly 

retreating ice on the high ground (Cheel and Rust, 1982). An equivalent assemblage 

is also observed west of Jura and shown in Figure 3.7a. Extensive tracts of 

proglacial outwash has been described from elsewhere in the region, for example near 

Loch Don on the Isle of Mull (Benn and Evans, 1993) or close to Loch Gorm on Islay 

(Benn and Dawson, 1987). These outwash tracts are typically associated with major 

halts or stillstands of the ice margin, possibly lasting tens or hundreds of years. The 

arcuate and sinuous landforms on the platform can be interpreted as coarse-grained 

channel deposit or eskers (e.g. the km-long flat-topped ridge), however it is likely that 

tidal and wave scouring has altered the record, especially during the YD when the 

RLS was around -5 m bsl, according to the ROMS-Bradley model, (Bradley et al., 

2011; Ward et al., 2016) (Figure 3.13). Some of the arcuate forms could be tidal or 

even Lateglacial beach fragments. 
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Figure 3.7 - a) lobated gently dipping sediment platform west of Jura, similar in form and water depths 

(profiles) to the Kilberry Bay platform; moraine ridge parallel to the coastline crossed by profile A-B; b) 

outcropping drumlinised field and retreat moraines North of Islay showing movement around high terrain; c) Loch 

Gorm region on Islay, consistent series of retreat moraines North of the Cnoc Fada esker (indicated by arrow) 
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3.4.2. Seismic stratigraphy 

 

The asynchronous ice-margin retreat pattern caused the emplacement of multiple 

seismic units, whose different character result from transition from sub-glacial to 

glacimarine to distal environments. Moreover, Lateglacial tidal currents, reworking 

and palaeoenvironmental changes provide added complications (Scourse, 2013). 

Davies (1984) has pointed out the difficulty of achieving a unified classification across 

the western Scottish Shelf, especially for the Jura Formation. Therefore the 

subdivision proposed in this paper should be applied only in the study area until 

further work is done in the rest of the western Scottish shelf. 

In this study a total of 5 seismo-stratigraphic units are identified, one of which 

is divided into 2 sub-units. Table 3.4 presents a summary of the unit descriptions, 

based on the regional Pinger data, their correlation to the regional stratigraphy 

proposed by Davies and Fyfe and the lithology observed in BGS boreholes. The 

location of lines is shown in Figure 3.1. 

Unit I is present in all the Pinger lines as the lowest seismic unit encountered. The 

base of this unit is never observed. It is characterized by a very sharp continuous 

upper reflector with prolonged "fuzzy" echo, while internally it is acoustically 

transparent and structureless. On the MBES data it forms rubbly and rough plateau-

like outcrops, or shows sharp bedding planes. Its internal structure is in some cases 

resolved on sparker data. 

Unit II is present in almost all Pinger lines within the study area. It is patchy, 

usually thin (only few metres thick, but sometimes up to ~10 m) and most of the 

time lying directly on bedrock. This unit is primarily observed on shallow ground 

(e.g. the sides of the troughs), where it is not completely masked by units III or IV.  
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Table 3-4 - Summary of the main characteristics of the Late Devensian seismic units on BGS 1985_4 Pinger profiles in the study area 
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It displays a weak upper reflector in the subsurface, often showing a “crested” 

pattern, with single crests 2 to 20 m high and up to several hundred metres wide. 

Unit II is acoustically structureless and with a medium to high acoustic energy. On 

the MBES data it corresponds to terrains occupied by glacial lineations (e.g. 

Appendix II - Line 1985_4-26 or Line 1985_4-26) and moraines. 

Unit III is of variable thickness and is best developed in troughs towards the mid 

shelf. No equivalent has been mapped on the lines in the Firth of Lorn. The 

maximum thickness of Unit III cannot be calculated as the base is not always visible 

on the seismic records (as for Unit I, the energy of the Pinger is not sufficient to 

penetrate it fully), but it measures about 30 m South of Tiree and 35 m West of 

Iona. Close to the plateau area west of Iona and south-east of Tiree Unit III appears 

to be closely associated to Unit II and often the distinction between the two is 

impractical, with Unit III grading into Unit II. Along the Inner Hebrides Trough, 

Unit III rises to form positive relief features that appear independent from underlying 

morphology (Figure 3.8). The relief features are either asymmetrical (Line 1985_4-

44), with a steep side that rises up to 20-30 m and then gently sloping for 5-6 km, or 

very broad mounds, up to 7 km long and 20 m high (Line 1985_4-45). 

Unit III possesses a sharp, undulating and continuous upper reflector and 

exhibits occasional acoustic ‘ringing’, which is common elsewhere.  This ‘ringing’ can 

be caused by a hard seabed reflector, though may also be caused by acquisition 

artefacts. In some locations the upper reflector shows hyperbolic signals indicating the 

presence of point-source diffraction, probably due to cobbles or boulders (Davies, 

1984; Elverhøi et al., 1983). The upper reflector is especially strong when underlying 

Unit IVA; in these cases an undulated reflector with parallel echoes or several high 

frequency reflectors develop. Unit III is acoustically structureless and with a low to 

high acoustic energy. When outcropping on the MBES data Unit III forms gently 

undulating and irregular terrain. 
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Figure 3.8 - Positive reliefs along the length of the Inner Hebrides Trough interpreted as possible 

Grounding Zone Wedges. In the location box on the bottom left are shown areas where the Barra Fm. outcrops 

(green) and is not covered by the Jura Fm. (yellow) 

 

Unit IV is the thickest and most complex unit mapped within the study area. It is 

broadly characterised by continuous sub-parallel internal reflectors and has been 

divided into two sub-units: 

Unit IVA is primarily observed in association with the previous two units, 

where it drapes Unit II or III both on mounds and in troughs, sometimes filling 

small basins forming discrete wedges on the side of slopes formed by Unit III. It 

can be up to about 25 m in thickness, but it is more commonly between 5-10 m. 

It exhibits an irregular and sharp upper reflector and low to high amplitude 

internal reflectors. Occasionally this Unit is irregularly spaced to form lenses of 

medium-high energy or simply undulating and sub-parallel. In several locations 

it can be further subdivided into smaller packages, with clear sequence 

boundaries represented by prominent scour surfaces as well as onlapping 

geometries. West of Dubh Artach and in other locations it appears to emerge 

directly from Unit III (Line 1985_4-27, Line 1985_4-43), the basal reflector 

being blurry and merged in the underlying unit. On MBES data, Unit IVA 

shows characteristics indistinguishable from Unit III; 
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Unit IVB is observed on all the lines where it either infills depressions (outer 

Firth), or both fills and drapes the underlying morphology (inner Firth), 

showing onlap with unit IVA. Unit IVB is masked by gas in the deepest troughs 

and it is therefore difficult to estimate the maximum thickness on the Pinger 

lines (Figure 3.9). On the sparker record it exceeds 260 m in the Firth of Lorn, 

west of Loch Buie. Unit IVB possesses a strong and sharp upper reflector, 

medium-high to low amplitude fine and regular lamination with internal 

reflectors equally spaced and sub-parallel. Mounded drifts and erosional scours 

are associated with downlapping reflectors and acoustically transparent lenses. 

The internal reflectors become weaker and more widely spaced upwards, grading 

into an acoustically transparent subunit before the upper reflector. On the 

MBES data Unit IV has a markedly smooth surface, which is usually planar but 

in places is cut by submarine channels. 

A good example of the relationship between Unit IVA and IVB is presented in 

Figures 3.5c and 3.8. The upper profile in Figure 3.8 profile shows the SW-NE 

axis of the Inner Hebrides Trough, with a pronounced overdeepening towards NE. 

Here, Unit IVA is progressively replaced in an onlapping fashion by IVB; the latter 

progressively thickens toward the North and becomes gas-masked. 

In the outer Firth of Lorn, west of Colonsay and east of the Stanton Banks, 

Unit IV is characterised by a disturbed seismic signature, very different from the 

generally clear stratification observed elsewhere. It shows a chaotic or transparent 

internal acoustic character, with numerous hyperbolic reflectors. In sparker lines from 

the inner Firth, Unit IV does not exhibit this signal; instead clear lamination is 

always encountered when not masked by gas. 
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Figure 3.9 - Interpreted line drawings of BGS pinger line 1985-29, showing the sedimentary architecture of  

Late Devensian units across the outer Firth of Lorn (Line 1985_4-29)
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Unit V can be up to 10 m thick, but it typically occurs as a thin veneer (about 2-4 

m) distributed in large patches throughout the study area. The unit is usually 

acoustically transparent but occasionally exhibits chaotic internal reflectors. Unit V 

truncates the underlying deposits and often forms scalene triangles at the seabed 

(Figures 3.5b, c). On the MBES data Unit V is represented by marked expressions 

on the seabed as ribbons of megaripples and dune fields. 

Interpretation of seismostratigraphic units 

Unit I – (Bedrock). Unit 1 is interpreted as bedrock due to its clear relationship to 

seafloor outcrops of bedrock (inferred from multibeam swath bathymetry, the BGS 

core grab-sample database in Barber et al. 1979), the prominent reflector separating 

it from overlying units, and its chaotic/transparent appearance on seismic lines. Due 

to lower frequency content and deeper penetration, different types of basement 

lithologies are at times resolvable on sparker data. These distinctions can frequently 

be directly related to outcrop character observed on the MBES data, (e.g. bedding 

indicative of Dalradian metasediments and chaotic signal and rubbly seabed 

expression suggesting volcanic origin). 

Unit II – (Hebrides Formation/Barra Formation). Unit II is interpreted as subglacial 

till and ice-contact deposits. On seismic lines (Figure 3.4a) drumlins present a 

“Unit II” type signal, the acoustic transparency caused by the highly compacted and 

unsorted sediment. On the Iona plateau Unit II is often insufficiently thick to be 

distinguished from Unit I, however MBES data can be assessed to help in separate 

the two. Unit II is therefore partly correlated to the “Hebrides Formation” proposed 

by Davies. In several cases (e.g. in the Inner Hebrides Trough)  

Unit III – (Barra Formation). Unit III may overly Unit I and/or II, except in the 

outer part of the Inner Hebrides Trough where it rests on the pre-Late Devensian 

Stanton Formation (Fyfe et al., 1993). The transparent seismic character, the relation 

to other units and the irregular upper surface consistent with the ploughing action of 

iceberg keels (e.g. Dowdeswell et al. 2010, Figure 3.8, Line 1985_4-26 and 44). This 
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clearly indicates a correspondence to the Barra Fm defined by Davies et al. (1984), 

which they interpreted as a proximal to distal glacimarine unit. Describing the unit 

solely as glacimarine however does not adequately account for the variety of the 

features that characterize this unit across the study area. Firstly, in the Inner 

Hebrides Trough Unit III forms buried positive relief features parallel to the trough 

axis (and the direction of ice flow, Line 1985_4-45). A second relief feature with 

asymmetrical long profiles and steep ice-distal sides is present on a line transverse to 

the trough axis (Line 1985_4-44). These characteristics are similar to features 

interpreted as grounding zone wedges observed elsewhere on mid to  high-latitude 

continental shelves (Dowdeswell & Fugelli 2012; Batchelor et al. 2013). GZWs are 

formed at the transition from grounded to floating ice, commonly within prominent 

flow corridors (as the Inner Hebrides Trough) (Batchelor and Dowdeswell, 2015), and 

the water depths here are sufficiently deep to make this interpretation plausible. 

Secondly, Unit III is not distinct from Unit II because of the very similar seismic 

character and due to the inability of the Pinger source to penetrate efficiently 

compacted or hard lithologies. In these cases Unit III could also comprise 

overconsolidated till.  

The sedimentological information available on the Barra Fm. is restricted to a 

few BGS boreholes. It appears as dark grey structureless clay containing pebbles and 

cobbles that increase in number and dimensions downcore. In BH 78/2 and 81/10 the 

Barra Fm. is made up of at least two different subunits, with a lower poorly sorted, 

sandy (indicated by lower gamma ray attenuation) and soft to stiff diamicton, 

overlain by an upper soft massive mud with oversized clasts (Figure 3.10). The two 

units show distinct foraminifera and dinoflagellate assemblages, and a sharp decrease 

in foraminifera number and diversity indexes (Figure 3.10) is observed at the 

transition between the two subunits.  
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Figure 3.10 - BGS boreholes 78/02 and 81/10. The gamma ray attenuation log is represented in counts/s. 

Plot of foraminifera indexes are taken from Appendix II. *Total length of the core: 75 m; 66 metres are of late 

Devensian sediment; benthic foraminifera abundances for both BGS boreholes. Data was obtained from BGS 

Reports 94/519 (BH81/10) and 94/481 (BH78/02). 

 
Both subunits are characterised by cold water assemblages, however the lower 

diamicton was deposited closer to the palaeo shoreline. A similar diamicton has been 

sampled west of the Isle of Tiree in the basal part of core JC106_149VC and possibly 

JC106_151VC, where it appears as relatively soft silty and sandy clay, gritty with 

pebbles and larger cobbles (Figure 3.11).  
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Figure 3.11 - SAMS core GC147 (“a” indicates the interval shown in Figure 12); BGS drill core 2015-07_c22. **The material was recovered at 39.22 m depth,  

a total of 1.75 m of material was collected; BRITICE-CHRONO core JC106_149VC and JC106_151VC; benthic foraminifera abundances for the first three cores. 
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The frequency of shell fragments, most likely reworked, has permitted to obtain 

a minimum age determination for this deposit of about 22 cal ka BP.  

The foraminifera assemblage has a prevalence of cold water species Elphidium 

excavatum forma clavata, Cassidulina reniforme, with minor proportions of more 

temperate water species as Cibicides lobatulus or Quinqueloculina sp. (Murray, 

2003)(Figures 3.10, 3.11). In contrast, BH 78/2 is devoid of Cassidulina reniforme 

and presents alternating C. obtusa and C. laevigata. On the basis of these lithological 

and stratigraphical characteristics it is therefore proposed that the Barra Formation 

comprises not only proximal, but probably subglacial and ice-contact sediments 

deposited in an ice-retreat stage (Powell, 1984). The very stiff diamicton recovered at 

the bottom of BH 78/2 and 81/10 could be interpreted as a subglacial till (Benn and 

Evans, 2010; Powell and Cooper, 2002) and explain the uninterrupted transition from 

Unit III to Unit II type seismic signal in some of the seismic lines.  

Unit IV – (Jura Formation). The generally fine lamination in Unit IV, becoming 

chaotic or transparent closer to seabed is interpreted as a sequence of glacimarine 

sediments that progressively grade into more hemipelagic deposits. It corresponds to 

the Jura Formation in Davies’ classification. 

Unit IVA contains coarser laminae and is interbedded with transparent lenses 

that could represent a proximal to distal stage subsequent to the deposition of Unit 

III. Thick lenses of this sub-unit are observed close to buried palaeoslopes (e.g. in the 

Inner Hebrides Trough in front of a possible GZW, Figure 3.8) and are likely a 

product of repeated debris flows and slump events, possibly associated with glacial 

activity (Powell and Cooper, 2002). South-west of Iona, a single SAMS core (GC147) 

was collected on the flank of a drumlin (Figure 3.4a). It recovered 20 cm of 

winnowed gravel and sands over ~1 m of laminated red clays and silts with a few 

oversized clasts (pebbles and cobbles) cut by discrete 1-3 cm sandy laminae with 

sharp erosional lower boundary (Figure 3.12a). The absence of macrofossils and a 

scarce foraminiferal population dominated by Elphidium excavatum forma clavata and 

Cassidulina reniforme suggests persisting glacimarine conditions (Austin and Kroon, 
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1996). The sequence can be interpreted as cyclopels with fine turbiditic horizons (Ó 

Cofaigh and Dowdeswell, 2001). Similar olive-brown very finely laminated sequences 

are observed on X-ray images of core JC106_149VC (Figure 3.12b, c), above the 

basal diamicton (interpreted previously as Unit III). These sequences contain also a 

similar foraminifera assemblage to GC147. This lithological and faunal evidence is 

tentatively related to Unit IV. In BGS borehole 81/10 a unit of grey-brown silt clays 

with carbonaceaous laminae found between 20 and 30 m could again represent this 

Unit. The deposits represented by seismic Unit IVA are therefore interpreted as 

proximal glacimarine (sensu Powell 1984), influenced by suspension sedimentation, 

ice-rafting and sediment gravity flows (Powell, 1984).  

 
Figure 3.12 - a) sandy laminae in core 147GC, possibly representing turbiditic events or cyclopsams; b) 

and c) normal and X-ray photography of a section in core JC106_149VC, showing the extremely fine clay-silt 

laminations in the core. 

 

The regularly laminated and gradually transparent unit IVB is interpreted to 

have been deposited in a more distal glacimarine environment than Unit IVA, with 

progressively less glacial influence. The onlap of lamination between subunit IVA and 

IVB suggests changes in the energy of the environment, causing reworking of 

sediments from older deposits and filling of basins. 

Unit IVB was sampled in BGS drill core 15_07-22R (Figure 3.11) collected 

East of Colonsay at about 40 metres depth in the sedimentary column. The core 
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recorded about 1 m of compacted greyish homogeneous silty clays, with few sulphide 

streaks, very few outsize clasts (small pebble size), and frequent valves of Yoldiella 

sp.. Foraminifera analysis shows an upcore change from both cold (e.g. Pyrgo 

williamsoni) and warm (Quinqueloculina sp.) benthic species (Figure 3.11) to an 

assemblage dominated by temperate (mainly Miliolinella subrotunda) species, 

suggesting climatic oscillations typical of the Scottish Lateglacial (Binns et al., 1974; 

Kroon et al., 1997; Lowe et al., 1999). Two radiocarbon ages carried out on whole 

valves of Yoldiella sp. (possibly lenticula) at 39.58 and 40.77 m produced ages of 

respectively 14.5 and 15 cal ka BP, confirming an early Lateglacial, possibly 

Windermere Interstadial age. 

Up-sequence, the transition to an acoustically transparent signature may reflect 

variations in sediment towards sandier and more carbonaceous compositions of the 

Holocene sediments, as observed in BGS BH73/25 or 72/9. According to the division 

proposed by Boulton et al. (1981) in the Sea of the Hebrides Unit IVB could be 

compared to both the Rhum and Arisaig members. 

The disturbed character observed in Unit IV in the Outer Firth can be 

correlated to the “Boulder Pavement” identified by Davies et al. (1984), although in 

some cases the effect could be also caused by gas blanking.  

Unit V- (Lorne Formation). Unit V is interpreted as mobile sands and muds affected 

by modern current activity. The big dune fields west of Colonsay are one of the 

expressions of this modern-day sedimentary unit. In many other locations this 

superficial unit primarily consists of tens of centimetres of gravelly sands or shelly 

lags (e.g. in cores GC147, JC106_149VC and JC106_151VC). 
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3.5. Discussion 
 

Until recently (Dove et al., 2015; Howe et al., 2012) the Quaternary and glacial 

history of the Malin Sea and  Sea of the Hebrides, characterised originally by Binns 

et al. (1974), Davies et al. (1984), and summarized in Fyfe et al. (1993), has received 

limited attention. The substantial new bathymetric data now available, together with 

supporting sedimentological and seismic stratigraphic data now make it possible to 

link stratigraphy to geomorphology and allow a much more robust reconstruction of 

ice sheet history and palaeoenvironmental change within this marine sector of SW 

Scotland. 

 
 

3.5.1. Ice margin retreat and associated depositional processes 

 

3.5.1.1. Barra Fm – ice contact to proximal environment 

 
Seismostratigraphic and lithological evidence on the mid to inner western Scottish 

shelf provides a record of ice sheet retreat following the LGM. The first extensive 

seismostratigraphic unit deposited over the late Devensian main erosional surface 

(MES) and preserved in the region was the Barra Fm. (Unit III). This formation is 

thickest in the main submarine troughs (up to 130 m according to Davies et al. 1984), 

and extends up to the entrance of the Firth of Lorn and inner sea lochs. Several lines 

of evidence from this study suggest a complex origin for the Barra Fm., with lateral 

changes in architecture and sedimentary facies due to variations in accommodation 

space, sediment sources and ice margin dynamics.  

On the mid-shelf, sedimentological evidence indicates that the Barra Fm. is 

made up of at least two different subunits (BH 78/02 and BH81/10), comprising an 

upper soft massive pebbly mud and a lower soft to stiff diamicton. The massive 

structure, high percentage of clasts, progressively higher compaction and proportion 

of sand as indicated by the natural gamma ray log that characterise the diamicton 

are in all consistent with deposition close to an ice margin, possibly ice-contact or 
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subglacial (J. Evans et al., 2005; Hillenbrand et al., 2010; Peters et al., 2015). The 

rich and temperate (e.g. C. laevigata) microfossil assemblages found in this subunit 

might indicate reworking of previous (pre-Late Devensian?) marine deposits and 

compaction caused by glacial overriding. This is supported by the lower concentration 

of foraminifera within the boundary zone between diamicton and upper mud, which 

can be caused either by a low foraminifera production at the boundary layer (i.e. 

onset of glacimarine conditions) or with removal of tests by porewater along pressure 

gradients (e.g. Ó Cofaigh et al., 2005). On other formerly glaciated margins, 

sequences of stiff diamicton overlain by soft diamicton have been attributed to 

deposition by ice streams (e.g. Shipp et al. 2002; Evans et al. 2005), and the soft 

diamicton may include grounding-line proximal diamicton, iceberg-turbate or may be 

a subglacial till, while the stiff diamicton is interpreted as a subglacial till (Ó Cofaigh 

et al., 2007). Although the Barra diamicton in the boreholes was not sampled directly 

on the features on seismic lines, it is probably related to the large-scale buried 

mounds resembling GZWs (Figure 3.8) that occur within the formation in the Inner 

Hebrides Trough. Mounded features are also observed farther to the west in the 

Malin Sea (Callard pers. comm 2016), although their relationship to the Barra Fm. 

remains uncertain. Nevertheless, a similar association was observed for the Minch 

equivalents to the Barra Fm., the Sheena and Fiona Fms. (Fyfe et al., 1993) which 

are associated with the large morainic Greenstone Ridge, and are composed of similar 

gritty stiff-to-soft glacimarine material.  

The transition to the upper fine-grained soft pebbly muds, characterised by a 

different assemblage suggests transition to more distal glacimarine deposition (J. 

Evans et al., 2005). 

 

Moving eastwards towards the sea lochs the Barra Fm. thins considerably, and 

changes from a thick basinal deposit to a thin (~10-15 m) layer that is 

indistinguishable from the patchy basal till (Hebrides Formation, Unit II). However, 

the superimposition of retreat and De Geer moraines on drumlins and lineations 

(Figure 3.4, 3.4a, b) indicates the presence of at least two distinct till units with 
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associated ice marginal and proximal deposits (e.g. core GC147). The younger of 

these two units (i.e. the moraine deposits) is interpreted as a lateral variation of the 

ice marginal depositional settings of the Barra Fm, and can be considered as a 

separate Member of the same. Further changes in marginal deposits are identified at 

Kilberry Bay and west of Jura. The subaqueous outwash fans observed on the 

bathymetry data indicate prolonged standstill(s) of the ice margin and deposition of 

possibly coarse channel and slump facies (Cheel and Rust, 1982), and these may 

constitute a third Barra Fm. Member.  

Barra-type deposits are not found on any seismic lines within the Firth of Lorn, 

although the extensive gas blanking in the overlying Unit IVB precludes a complete 

picture of the seismic stratigraphy of the area. On the MBES data only a restricted 

drumlinised area with superimposed push moraines was mapped Southeast of 

Colonsay (Figure 3.7b) and in BH 71/9 Peacock et al. (2012) describe a basal unit 

of till ~10 metres thick. Whether this till belongs to Hebrides Fm. or is a “retreat till 

member” of the Barra Formation is not possible to determine. However, the retreat 

moraines are likely belong to this “retreat till member”, and it is therefore probable 

that other deposits of retreat-stage till or ice-contact to proximal glacigenic sediment 

are present in the Firth, buried under the thick cover of postglacial Jura sediments.  

Onshore deposits have been also correlated to the Barra Fm. Benn & Dawson 

(1987) tentatively connected a proglacial outwash deposit formed in paleo-submarine 

settings and now outcropping on Islay to the Barra Fm. This sequence of sands, 

gravels and diamictons is possibly an onshore equivalent to the Kilberry and Jura 

subaqueous outwash fans or the glacifluvial assemblage observed offshore to the west 

of Iona. The channelled surface and the eskers are morphologically similar to the 

Cnoc Fada esker on Islay (Figure 3.7c) and point to the same conclusion.  

Overall, a stratigraphic architecture comparable to that of the Barra Fm. was 

described in the Summer Isle region (NW Scotland) by Stoker et al. (2009). Here the 

Assynt Fm. presents seismic characteristics, lithology and depositional setting similar, 

if not equivalent to, the Barra Fm, with thick basinal accumulations grading to thin 

moraine-moulded sheet drape on shallow banks and onshore. The Assynt Fm. is 
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interpreted as a time-transgressive morainic, ice-contact and ice-proximal glacimarine 

unit, with sedimentology and architecture depending on the location of the ice 

margin, sediment supply and accommodation space. The Barra Fm. could therefore 

represent the W Scottish equivalent of a retreat till overlain by ice-contact and 

bergstone muds, whose acoustic impedance, being very similar to the till of the 

Hebrides Fm., hinders the distinction between the two. The varying lithology of the 

ice-marginal deposits ascribed to Barra Fm. is determined by the distance from high 

ground and sources of coarser material, where the muds and diamictons sampled in 

the BGS boreholes offshore near the Stanton Banks are replaced by gravelly sands 

closer to the Isles and the Highlands.  

3.5.1.2. Jura Formation – ice proximal to distal environments 

 
Continued retreat of the ice margin and deposition of fine material by meltwater 

plumes and other ice-distal glacimarine processes is recorded by the Jura Fm. The 

confinement to basins and depressions of the lower sub-unit of the Jura Fm., Unit 

IVA, and its relation to paleo-slopes suggest a time-transgressive nature, probably 

deposited shortly after the emplacement of the underlying Barra Fm., by deposition 

from meltwater plumes emanating from the glacier front combined with sediment 

gravity flows. No chronology exists for the Jura Formation outside the Firth of Lorn, 

but it is plausible that progressively older ages would be found for the contact 

between Unit III and Unit IVA towards the outer shelf. Scouring and internal 

changes in sediment draping could be caused, as suggested by Davies et al. (1984), by 

changes in seabed stresses and the action of mega-tides (Scourse, 2013). This is 

supported by modelling of paleo-tidal currents in the area by Uehara et al. (2006) 

that show marked shifts across the Lateglacial period. 
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3.5.2. Dynamics and configuration of the South Hebrides ice 

margin after the LGM 

 

3.5.2.1. First stage: HIS shut down 

 
It is generally accepted that the BIIS reached the continental shelf break along its 

western margin during the LGM (Clark et al. 2012). However, modern studies have 

indicated that such marine-terminating margins were probably highly unstable 

(Patton et al., 2016), and sea level changes accompanied by regional mega-tidal cycles 

probably drove a rapid retreat characterized by major calving events and deposition 

of IRD layers on the Barra-Donegal Fan (Knutz et al., 2001; Scourse et al., 2009; 

Ward et al., 2016). As ice withdrawal from shelf break commenced, the rate of retreat 

is likely to have been significantly affected by the reverse-slope seabed morphology of 

the Malin Shelf, where two over-deepened troughs (Dobson and Whittington, 1992) 

would likely have driven rapid retreat across the wide and open shelf (from ca. -40 m 

on the shelf edge to -300 m in the troughs). This rapid retreat was likely succeeded 

by a slowing down or even stabilization close to the Inner Hebrides due to higher 

lateral drag exercised by the islands (Jamieson et al. 2012; Ross et al. 2012; Dove et 

al., 2015). 

Ice sheet retreat across the shelf was punctuated by prolonged standstills 

indicated by the GZWs (stiff Barra diamicton) and the thick basinal accumulations 

of proglacial outwash and ice proximal sediments (soft Barra diamicton). The 

preliminary age obtained from the top of the soft diamicton in core JC106_149VC 

(Figure 6b) suggests that the marine area 30 km WSW of Tiree was ice-free by 

around ~21.5 cal ka BP. This age agrees well with the exposure age of 20.6 ± 1.2 ka 

obtained on the Isle of Tiree by Small et al. (2017).  

A major re-advance of Scottish ice onto north-eastern Ireland during the East 

Antrim Coastal Readvance (EACR) (McCabe and Williams, 2012) was probably 

facilitated by the collapse of the North Channel Ice divide (Finlayson et al. 2014).  
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Figure 3.13 - Model of deglaciation in the Southern Hebrides Region. This reconstruction is a 

summarisation of the work presented here and existing literature (Dove et al., 2015; Dunlop et al., 2010; 

Finlayson et al., 2014; McCabe and Williams, 2012; Peacock, 2008; Peacock et al., 2012 and Small et al. 2017). 

Vertical shading indicates possible cold-based ice and “sticky spots”. Dashed lines indicate high terrain that acted 
as ice divide. In orange are represented areas with thick accumulations of proglacial outwash. Eskers are 

symbolized with purple lines. 

This event has been recently ascribed to a period between 19 and 18 ka, after 

the latest exposure ages obtained by Small et al. (2017). The streamlined landform 

assemblages offshore of Islay and on the northern tip of the Rhinns of Islay show a 

pronounced SW direction with deviation around topographic highs, supporting ice 

movement towards Northern Ireland during the retreat stage (Figure 3.5, 3.7b and 
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3.13). Therefore the Inner Hebrides were still completely ice covered at the time of 

the EACR. 

3.5.2.2. Second stage: topography-controlled retreat 

 
After the EACR the ice margin retreated through the Inner Hebrides region. Retreat 

appears to have slowed once the ice margin reached shallower waters close to the 

islands of Coll, Iona and Colonsay. This interpretation of slower retreat is supported 

by firstly the delicate and well-preserved De Geer moraines seen on the seismic data, 

buried by the Jura Fm., and then visible on MBES data from the north-eastern part 

of the Inner Hebrides Trough (cf. Dove et al. 2015) and in the Iona and Islay area 

(Figure 3.4 and Lines 1985_4-27 and 28). The prolonged period (~3000 years) 

between the exposure ages on Tiree and the Ross of Mull (~17.5 ka) shown by Small 

et al. (2017), supports a slow rate  of retreat of the ice margin. Secondly, the 

outcropping metamorphic and igneous bedrock platforms, Colonsay Group and Ross 

of Mull Igneous Complex at the entrance of the Firth of Lorn could have acted as 

“sticky spots” (Phillips et al., 2010). Geomorphological evidence is observed west of 

Islay, where progressively more equant, relatively slow flow features and Rogen 

moraines are mapped in proximity to the outcropping Precambrian basement 

(Figure 3.5a).  

At this stage of retreat the total ice thickness must have been reduced 

considerably, as the control that topography exerts on ice flow direction is very 

strong as observed on the bathymetry data. An example of the behaviour of the 

thinning ice-sheet during this retreat phase is taken from the glacifluvial complex of 

the Isle of Iona. Eskers can develop in inter-lobate positions, or suture zones of 

different tributary glaciers in ice-sheets (Benn and Evans, 2010; Mäkinen, 2003; 

Punkari, 1997). As the ice-sheet thinned and lost mass, it is likely that the ice stream 

divided into two lobes around the Isle of Mull forming an Inner Hebrides Trough 

(ITH) lobe retreating into Loch Schridain and Loch na Keal, and a Firth of Lorn 

(FOL) lobe. The interaction between these two lobes could also explain the 

superimposed flowset observed in the area. It is possible that a “localized switch” in 
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ice flow (Dove et al., 2015) might have been caused by a diachronous retreat of the 

two lobes, with an IHT lobe flowing temporarily southwards, occupying ground 

previously covered by FOL lobe ice (Figure 3.13). 

3.5.2.3. Third stage: ice margin break-up and ice domes 

 
The back-stepping of the ice margin onto land, between 17 and 16 ka (Small et al. 

2017) was probably another factor that created further stabilisation and caused the 

progressive isolation of independent land-based ice domes on the high ground of Mull, 

Islay, Jura and the mainland. In this study moraines have been mapped parallel to 

the modern coastline west of Jura (Figure 3.7a), indicating that Jura-based ice 

separated from the E-W retreating Firth of Lorn tidewater glacier. Further evidence 

is given by the lobate proglacial outwash along the coasts of Jura, Kintyre and the 

glacifluvial deposits on Islay described previously. These ice-marginal accumulations 

are adjacent to terrain above paleo-sea level datum and indicate prolonged occupancy 

of the ice margin.  

The Islay site described by Benn and Dawson, (1987) is the westernmost and 

therefore the first to have been accumulated. It corresponds to RSLs between 12 and 

15 m OD, which is in good agreement with RSL curves produced by the ROMS-

Bradley model for the period between 17 and 16 ka (Figure 3.14) (Bradley et al., 

2011; Ward et al., 2016) and is associated with glacifluvial outwash that covers the 

western portion of the island. The sites at Kilberry Bay and west Jura formed later, 

probably around 16.5-15.5 ka according to the chronology of ice margin position by 

Small et al. (2017). 
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Figure 3.14 - Relative sea level curves for two model grid squares, the first close to the site of core 15-

7_22R (56.06N, 6.67W) and the second in the Sound of Jura (55.5N, 5.5W). The onset of tidal amplitudes 
indicates the deglaciation of the area according to the model. The source reference for the GIA model (including 

the ice model) generating the relative sea level curves is Bradley et al., (2011) and for the tidal amplitudes is 

Ward et al., (2016). An open access visualisation toolkit for RSL in NW Europe since the LGM is being prepared 

by Wainwright et al. (James Scourse, pers. comm. Nov. 2016). 

 

3.5.2.4. Diachronous retreat in the sea lochs 

 
Because of the lack of dates, reconstructing the exact timing of deglaciation along the 

fjordic coast is difficult. Dates obtained from a thin sequence of glacimarine sediments 
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with a Dimlington Stadial high-arctic fauna from Loch Indaal (south of Islay), 

indicate that the area was ice-free shortly before 15 ka (Peacock 2008). Peacock 

suggests that the sediments were laid down within only a few hundred years before 

the start of the Windermere Interstadial indicating that Loch Indaal was probably 

still ice covered a short time before this date, assuming there is no major 

unconformity at the base of the succession. Sedimentological studies carried out by 

Peacock et al. (2012) indicate that Dimlington Stadial deposits are not present East 

of the Isle of Colonsay and the “sill” formed by the rock platforms. The base of the 

Jura Formation (at about 30 m depth) sits on till and is dated at ~13.6 cal ka BP, 

which would support a prolonged ice occupation of the Firth of Lorn. However, 

radiocarbon dating on BGS core 15-07_22R at 40 m depth and probably close to the 

base of the Formation provide even older ages, between 14.4 and 15 cal ka BP 

(Table 3.3). These ages can be reconciled with the age obtained by Shennan et al. 

(2006) from Kintyre, where ice withdrew over West Loch Tarbet at about ~16 cal ka 

BP, and by Small et al. (2017), who, on the basis of exposure dating, show 

deglaciation of southern Jura at ~ 16.6 ka.  

Contrasts in the timing of deglaciation between the Sound of Jura and Firth of 

Lorn can be explained by diachronous retreat of the tidewater glaciers and this 

interpretation is supported by the glacial geomorphology.  

The absence of mapped glacial landforms in the outer Firth of Lorn might be 

due to their burial beneath a thick cover of the Jura and Lorne formations. However, 

in the central Firth of Lorn bedrock is exposed and a lozenge-shaped set of half-

graben basins in Dalradian and Devonian formations (Howe et al., 2015) dominates 

the topography, creating long and narrow trenches up to 250 m deep flanked by high 

parallel rock ridges. The almost complete absence of moraines in this area is in stark 

contrast to the landform assemblage encountered in the Sound of Jura. Here the 

dense succession of De Geer moraines indicates relatively slower retreat, in agreement 

with the “stabilizing” geometry of the fjord, which becoming shallower up-glacier and 

with the Isle of Jura and Kintyre creating a buttressing effect. If it is assumed that 

De Geer moraines form annually (Bouvier et al., 2015; Ottesen and Dowdeswell, 
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2006) then it is possible to calculate a retreat rate along the Sound of Jura of around 

100 m a-1, similar to that proposed by Finlayson et al. (2014) for Kintyre and Arran 

at the same stage. The larger retreat moraines in the Sound of Jura most likely 

reflect more prolonged stillstands of the ice margin, however they are more difficult 

to interpret in the absence of chronological control. Their periodic occurrence might 

indicate cyclical prolonged standstills, albeit of lesser duration than the ones that 

produced extensive proglacial outwash and submarine deltas. However, preservation 

potential alone cannot explain the differences between the two fjords, as bottom 

currents are of a similar magnitude in both locations (Uehara et al., 2006). Likewise, 

in both fjords similar bedrock lithologies are encountered, a sequence of Dalradian 

metasediments, and source conditions for the accumulation of sediments. It is possible 

that the scarcity of moraines in the Firth of Lorn reflects faster retreat of the ice 

front in this area than in the Sound of Jura. In the Firth of Lorn, the overdeepened 

basins up to 300 m south of Loch Buie (Isle of Mull) and the deep trenches could 

have helped the encroachment of marine water underneath the grounding line, 

leading to instability, increased iceberg calving and thus rapid retreat (cf. Schoof 

2007; Benn & Evans 2010). Similar differences in the geomorphological record in 

adjacent fjords have also been observed in other locations, for example in  western 

Ellesmere Island, Arctic Canada (Ó Cofaigh, 1998). However, no chronological 

constraint exists for either Sound of Jura or Firth of Lorn. 
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3.6. Conclusions 
 

• Taking advantage of new swath bathymetry data, legacy seismic profiles and 

offshore cores, the stratigraphy and glacial geomorphology of the Southern 

Hebrides Region was reassessed, providing new insights into the last 

deglaciation of western Scotland. All the results from this study have been 

compiled as an updated Late Devensian map. The map presented can be 

considered as a first step to a general updated Quaternary map of the Inner 

Hebrides. 

• Five units have been identified from the seismic stratigraphy: Unit I is 

bedrock; Unit II, subglacial till associated in part to the Hebrides Fm.; Unit 

III, a time-transgressive moraine, ice-contact and ice-proximal glacimarine 

complex related  to the Barra Fm.; Unit IV can be divided into Unit IVA and 

IVB, it represents ice-proximal to hemipelagic conditions and is equivalent to 

the Jura Fm.; Unit V forms a veneer of sand and mud in equilibrium with 

modern current activity (Lorne Formation). 

• The Barra Fm. (Unit III) has been mapped farther east and inshore (i.e. Isle of 

Iona) than previously done, and possible preservation in the sea-lochs is not 

excluded. The unit has been re-interpreted as a time-transgressive subglacial to 

ice-proximal deposit. The till and ice-marginal deposits form first grounding 

zone wedges on the mid-shelf and then a succession of retreat (De Geer and 

push) moraines in the shallower waters of the sea-lochs and sounds. Proglacial 

outwash in Kilberry and west of Jura are also associated with the Barra Fm. 

but a separate Member. A comparison can be drawn between the Barra Fm. 

and the Assynt Formation in the Summer Isle region. 

• The Jura Formation is divided into two sub-units, with Unit IVA indicating 

proximal glacimarine conditions and Unit IVB grading into more hemipelagic 

deposits. Buried channels and scours in the formation are attributed to strong 

tidal currents during the Late Devensian (see Chapter 5). 
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• Ice sheet retreat in the study area can be divided into three main stages: i) 

rapid tidewater margin retreat across the inner shelf punctuated by standstills 

(GZWs), ii) topography-controlled fjordic retreat, with evolution from a 

coherent ice-sheet to separate fjord tidewater glaciers, and iii) stabilisation at 

the transition between tidewater and terrestrial margins. An example of the 

transition between the first and second stage is given by the abundance of 

glacifluvial deposits in the Iona area, an indication of inter-lobate position 

detachment of an “Inner Hebrides trough/Mull” lobe from a “Firth of Lorn” 

lobe. This is followed by a contrast in the retreat style between the Firth of 

Lorn and Sound of Jura tidewater glaciers, with a coherent pattern of De Geer 

moraines in the latter and a dearth of glacial landforms in the former. 

Collectively this suggests that glaciers underwent diachronous retreat once 

they had retreated off the shelf and back into the fjords. 
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provenance on the SW Scottish shelf 

during the last deglaciation 
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4.1. Abstract 
 

The reconstruction of past ice sheet dynamics can inform on long-term ice 

stream activity, and in turn provide constraints on the response of modern ice sheets 

to climate change. The Hebrides Ice Stream (HIS) flowed across part of the western 

Scottish shelf to the shelf-break during the last glacial cycle. To investigate the 

deglacial dynamics of the HIS following the Last Glacial Maximum (LGM), lead (Pb) 

isotope records were extracted from the FeMn oxyhydroxide and detrital fractions of 

recovered laminated glacimarine mud sequences to monitor the changing activity of 

HIS during its retreat. These provide, respectively, relative timing of glacially 

weathered inputs to the marine environment and some source information on the 

eroded sediments. The FeMn oxyhydroxide fraction is dominated by pre-formed 

particles and shows a marked decrease from radiogenic at ~21 cal ka to less 

radiogenic Pb isotope compositions towards 15.4-13 ka. This decrease represents a 

reduction in the flux of subglacially-derived radiogenic Pb to the continental shelf, 

and it is interpreted as the result of the break-up of the ice-stream in western 

Scotland around that time. The Pb, Sr and Nd isotopic signatures of the detrital 

fraction indicate a preponderance of fine sediments originated from the NW 

Highlands throughout the period studied (~21 to 15 cal ka BP), most likely dictated 

by the orientation of tidal and oceanic current directions and sediment delivery. Both 

fractions show inversion of the 208Pb/204Pb ratio relative to the other Pb isotope 

ratios. This is observed only in one core site in the detrital fraction, and extended to 

all cores in the FeMn oxyhydroxide fraction. This behaviour highlights the influence 

of ocean currents in restricting the detrital but encouraging dispersal of the FeMn 

oxyhydroxide signal. Periodic increased contributions from a high Th/U source, 

potentially the neighbouring Archaean amphibolitic Lewisian basement in the Outer 

Hebrides, are proposed as the source of these 208Pb/204Pb inversions. This study 

demonstrates how geochemical investigation on continental shelves can be used to 

constrain the activity and flow sources of palaeo-ice streams, and the utility of 
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combining detrital and FeMn oxyhydroxides to determine the combined influence of 

the continental sources of material and their dispersal in the marine environment. 

.
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4.2. Introduction 
 

To further understand palaeoclimatic connections to ice-stream dynamics in the 

North Atlantic Ocean and around the North Atlantic margin, the sources of glacially 

eroded sediment at different times need to be reconstructed. Pleistocene climatic 

variability produced a strong increase in physical and chemical erosion on landmasses 

in the North Atlantic region (S. P. Anderson et al., 1997; Foster and Vance, 2006). 

Glacial advances onto continental shelves and greater iceberg calving caused an 

increased discharge of terrigenous ice-rafted debris (IRD) and suspended material into 

open oceanic settings (Broecker et al., 1992; Hemming, 2004). During the last glacial-

interglacial cycle the BIIS reached the western continental margin and great 

quantities of terrigenous sediment were discharged by ice streams on the continental 

slopes. The HIS was characterised by purge events at different times during 

deglaciation (Knutz et al., 2001; Scourse et al., 2009; Wilson et al., 2002).  

Provenance studies in the North Atlantic have been carried out utilising 

different techniques and methods, for example grain lithology counts (Knutz et al., 

2001), total organic carbon or calcium carbonate content analysis and isotope 

geochemistry (Bailey et al., 2013; Carignan et al., 2008; Scourse et al., 2009). Of the 

last group, radiogenic isotope composition is one of the most powerful tools.  

Lead isotope ratios as a tracer of detrital catchments in the North Atlantic are 

well established. Systematic differences in the geology of circum-North Atlantic 

Ocean continental masses, which vary as a function of age and tectonic history, are 

reflected in different ranges of Pb isotope composition. Therefore, in order to 

determine the provenance of the sediment, Pb isotope compositions of the samples 

are plotted against those of potential catchments bordering the North Atlantic 

Ocean. For example, the nature and provenance of Heinrich layers, extremely high in 

ice rafted debris (IRD) and linked to Dansgaard-Oeschger climatic fluctuations 

recorded in Greenland ice cores, has been investigated measuring Pb isotopes ratios 

on feldspar grains (Farmer et al., 2003; Gwiazda et al., 1996a, 1996b; Hemming, 

2004). Extensive studies on bulk <63 µm sediments from deep-sea cores have also 
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proved very useful in discriminating source areas for detrital supplies (Bailey et al., 

2013; Fagel et al., 2002; Maccali et al., 2012; von Blanckenburg and Nägler, 2001).  

Complementary to the detrital investigations, the Pb isotopic composition in 

marine authigenic precipitates are used to reconstruct water mass circulation and 

continental weathering fluxes (Crocket et al., 2012; Foster and Vance, 2006; Gutjahr 

et al., 2009; Kurzweil et al., 2010; von Blanckenburg and Nägler, 2001). The dissolved 

Pb isotope composition in the water column is determined by the style of continental 

physical erosion and chemical weathering (Christensen et al., 1997; von Blanckenburg 

and Nägler, 2001) as a result of the preferential release of radiogenic Pb, relative to 

common Pb, during the incipient stages of continental chemical weathering (Erel and 

Morgan, 1992; Harlavan and Erel, 2002). The lead isotope composition of seawater is 

preserved in authigenic deposits by co-precipitation of Pb in, for example, authigenic 

Fe-Mn oxyhydroxides, either in nodules and crusts on the seafloor or as coatings on 

sinking and sedimented particles (Gutjahr et al., 2009, 2007). The Fe-Mn coatings 

can be separated and studied using a selective leaching technique (Crocket et al., 

2012; Gutjahr et al., 2007), and the residue left after the leaching procedure 

represents the pure terrigenous/detrital fraction of the sediment. The variation in Pb 

isotope composition of these Fe-Mn rich marine deposits can in turn be associated 

with increased continental export fluxes through iceberg calving at ice sheet margins.  

Little work has been done on applying Pb radiogenic isotopes to reconstruct ice 

stream activity within individual sections of ice sheets. In the BIIS context, Crocket 

et al. (2013) showed a high resolution authigenic Fe-Mn Pb signature from ODP Site 

980 (Feni Drift, NE Atlantic) that records the activity of the western sector of the 

BIIS, and in particular the HIS (called Barra Ice Stream in the study, cf. Crocket et 

al., 2013) during the last 43 ka. However the local variations in the HIS cannot be 

resolved due to the regionally integrated Pb isotope signal in the Site 980 record. 

Single ice-sheet studies can be useful to reconstruct local ice sheet decay, link the 

decay to changes in climate and oceanographic conditions, and predict how future 

climate and oceanographic boundary conditions will affect existing ice sheets. 
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Figure 4.1 - Regional overview of the study area. The map shows the location of the three cores sampled 

and the flow model of the Hebrides Ice Stream during its main stage (modified after Dove et al. 2015) 

 
This study is the first application of Pb isotope compositions, complemented by 

Sr and Nd isotope ratios and major/trace element analyses, to three sediment cores 

from the continental shelf in western Scotland to identify changes both in detrital 

supplies to shelf sediments and variations in water mass geochemical properties that 

occurred since ~21 ka ago. The location of the cores, one on the shelf edge and two 

on the mid-shelf (Figure 4.1), allows the activity of the HIS during the last 

deglaciation to be monitored at sub-millennial temporal resolution. These results 

contribute to the understanding of the timing of HIS activity, especially in term of 

source catchments, ice lobe dynamics and increased meltwater fluxes. The results are 

also related to geomorphological and stratigraphical evidence on the shelf (Dove et 

al., 2015; Dunlop et al., 2010; Howe et al., 2012) that show ice flow directions (i.e. 

MSGL, drumlins etc.) and still-stands during retreat (i.e. grounding zone wedges, 

moraines). 



Chapter IV: Weathering fluxes and sediment provenance on the SW Scottish shelf 

 

121 
 

4.3. Geographical and palaeoglaciological settings 
 

After the LGM the HIS progressively retreated towards the western Scottish and 

northern Irish coasts subdividing eventually into smaller branches constrained by 

topography and areas of cold-based ice (sticky spots) and ice doming. A complete 

description of this process is presented in Chapter 3, but for the sake of the reader 

here we give a short summary.  

Shortly after the inception of retreat around 24 ka (Scourse et al., 2009) the ice 

margin created a large embayment on the Malin Sea and the ice flowing northwards 

from Ireland was decoupled from mainly westwards-flowing Scottish ice (Ó Cofaigh et 

al., 2012). From 23 to 19 ka ice progressively retreated, although prolonged halts or 

even re-advances are indicated by IRD data (Knutz et al., 2001; Scourse et al., 2009). 

Two main branches of the HIS can be defined on the basis of topography and 

geomorphological data (Dove et al., 2015). A SW-flowing Sea of the Hebrides ice 

stream, sourced from ice doming on the Outer Hebrides, Isle of Skye and western 

Inverness-shire, and a W-flowing stream through the Firth of Lorn draining the 

western Grampian Mountains (Figure 4.2). An exposure age on Tiree indicates that 

the island was deglaciated at ~20.6 ka (Small et al., 2017), and the marine sector 

west of it possibly even earlier. Small et al. (2017) suggest that this age (~20 ka) 

might correspond to the cessation of ice streaming. High rates of fine-clastic 

sedimentation at the Barra Fan between 21 and 12 ka suggests that the depositional 

environment was dominated by meltwater plumes, probably associated with the 

deglaciation of the Hebrides-Malin shelf margin. Before 17.5 ka the ice coverage was 

significantly reduced and the Irish ice confined to land-based ice domes (Ballantyne 

et al., 2007), with Scottish ice from Kintyre, the Clyde and Sound of Jura 

encroaching on the Antrim coast (Finlayson et al. 2014). Between 16.5 and 13 ka the 

ice margin was confined in the Scottish sea-lochs and retreat was constrained by the 

local topography (Dove et al., 2015; Small et al., 2017).  
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Figure 4.2 - Geological map of Western Scotland. Main geological groups are shown with different colours 

and average Pb isotope ratios are provided (modified after Emeleus & Bell (2005)). The grey-shaded area 
indicates the regions where ice flow was not directed into the study area. 

 

By 12-11 ka, YD ice caps covered only the mainland of western Scotland, with 

marine-terminating glaciers extending in the sea lochs and minor ice doming on Skye 

and Mull (Audsley et al., 2016; Golledge, 2010; McIntyre et al., 2011). 
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Three vibrocores (JC106_140VC, JC106_149VC and JC106_151VC, hereafter 

referred to as 140, 149 and 151 respectively) collected during the 2014 BRITICE-

CHRONO cruise on board of the RRS James Cook in the Malin Sea were chosen 

amongst 40 others on the basis of their geographical position, sedimentology and 

length (Figure 4.1, 4.3 and Table 4.1).  

 
Table 4-1 - BRITICE-CHRONO key core location data 

Core ID Type Latitude (N) Longitude (W) 
Water depth 

(m) 

Core length 

(m) 

JC106_140VC Vibrocore 56° 10.164’ 9° 04.010’ 167 4.18 
JC106_149VC Vibrocore 56° 23.83’ 7° 26.928’ 136 4.5 
JC106_151VC Vibrocore 56° 8.427’ 7° 32.263’ 112 4.1 

 

Core 140 was collected close to the shelf edge and the Barra-Donegal Fan. The 

upper units consist of layers of winnowed sand and shelly gravel (0-0.74 m in the 

core) underlain by soft and massive pebbly sandy mud (0.74-1.27). The basal 3 m 

(1.27-4.18 m) consist of matrix-supported diamicton in a clay matrix, with shear 

strength increasing downcore from 47.5 kPa at 1.3 m to a maximum of 167.5 kPa 

towards the base. The interval between 1.27 and 1.7 m of this stiff diamicton records 

iceberg-turbated distal glacimarine deposition after the LGM (Shipp et al., 2002), 

while the stiffer and darker diamicton between 1.7-4.18 m is interpreted as subglacial 

till (Evans et al., 2006; see also 4.5.2. Chronostratigraphy). Cores 149 and 151 

were collected on the mid-shelf W and SSW respectively of the Isle of Tiree (Figure 

4.1). These cores are located at approximately the same longitude but different 

latitude in order to monitor the competing influence of the two branches of the HIS 

after the LGM. Core 151 consists of approximately ~4 m of laminated glacimarine 

mud with a basal IRD-rich massive mud unit between ~3.4 and 4 m. Isolated cm-mm 

(Figure 4.3) thick IRD rich layers occur periodically within the laminated 

glacimarine muds. Core 149 has instead a ~4 m succession of finely laminated 

glacimarine muds, with IRD-rich intervals overlaying a firm (~30 kPa) diamicton 

with a sandy mud matrix unit. The diamicton might represent either an ice-contact 

or a thick ice-rafted deposit (Evans et al., 2006). 
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Figure 4.3 - X-ray photographs of the core sections analysed. A summarised stratigraphy and the location 

of the samples is provided. 

 
Regional relative sea-level changes during the deglaciation period are poorly 

constrained due to relatively limited data and the prolonged presence of the ice sheet 

in western Scotland. Considering modern water depths and the latest relative sea-

levels models (Lambeck, 1995; Shennan et al., 2006a), and ROMS-Bradley model runs 

for the location of core 149 (James Scourse pers. comm. 2017) which indicate a 

maximum decrease of RSL of -15 m OD at ~15 cal ka BP, it is safe to assume that 

the core locations were marine as soon as the ice retreated from the area. Moreover, 

the very fine and laminated nature of the sediments does not indicate major 
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reworking or influence by tidal currents that were acting during the Lateglacial 

(Uehara et al., 2006; Ward et al., 2016). 
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4.4. Lead systematics 
 

The U-Th-Pb isotope system is a powerful tool both in geochronological and 

provenance studies. The power arises from the possibility of combining three different 

decay systems, each one with different half-lives and different stable radiogenic Pb 

daughters. The U-Pb isotope system has two parent isotopes of uranium, 238U and 

235U, and one of thorium, 232Th. Lead has four stable isotopes, 204Pb, 206Pb, 207Pb, 

and 208Pb, where 204Pb is the only non-radiogenic isotope, 206Pb and 207Pb are the 

final decay products of 238U and 235U, respectively, while 208Pb is the final product of 

232Th. For 206Pb and 207Pb, the production of the different radiogenic isotopes follows 

paths which are a function of the 238U/204Pb ratio (µ) of the system where the Pb and 

U are located. A common way to visualize the isotopic evolution of Pb in a system 

with time is done by normalizing the radiogenic lead isotopes to the stable isotope 

204Pb and plotting the ratios against each other (Pb/Pb space).  

On a mineralogical scale the distinct geochemical behaviour of U and Th 

compared to Pb results in the incongruous partitioning of these elements during 

mineral crystallisation. As a result, initial U/Pb and Th/Pb ratios are high in 

accessory phases (zircon, monazite, apatite, xenotime, sphene) but uniformly low (a 

few ppm or less) in primary minerals, such as K-feldspar, plagioclase and quartz (Erel 

et al., 1994). Moreover, U and Th partition preferentially into different accessory 

phases, providing possible information on the nature of the catchment source and on 

the weathering style of the same. For instance, high 206Pb/204Pb and 207Pb/204Pb 

values in leachates of FeMn oxyhydroxides reflect weathering of a source rock with 

preferential dissolution and release from U-rich minerals (apatite, zircon and sphene), 

while high 208Pb/204Pb indicates preferential release from Th-rich minerals (monazite 

and xenotime; Harlavan et al. 1998). 

On a bulk rock level, heterogeneity of Pb isotope ratios is due to a number of 

factors, amongst which the initial U/Pb and Th/Pb ratios, the age of the rock (and 

hence the accumulation of radiogenic over unradiogenic lead), the contamination 

history (for igneous rock) and the metamorphic history. Remobilization of trace 
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elements during metamorphism might cause the resetting of the “system clock” and 

cause the change in Pb evolution, following a new µ curve. For instance, during 

metamorphism radiogenic Pb of U-rich minerals is mixed with common Pb. Newly 

formed primary minerals incorporate Pb with the composition of the host rock. On 

large geographic scales heterogeneities in the U content (i.e. mineralogy) of the rock 

and hence in the amounts of radiogenic Pb produced create geographic differences in 

the new Pb isotopic composition of the whole rock. This variability of the lead 

isotopic composition forms a straight line when displayed in a Pb/Pb space, 

indicating the mixing process between two components, the original and the enriched 

Pb isotope compositions. A similar principle is applied during the emplacement of 

juvenile and hot magma in old continental crust. Newly formed feldspars may 

incorporate crustal-derived Pb (generally the more abundant the older the rock) and 

their isotopic compositions will plot on a mixing line between the mantle source and 

the crustal Pb isotope compositions at the time of magma formation. 
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4.5. Materials and methods 
 

A total of 76 sediment samples from the cores were analysed for both the Pb isotope 

composition in the authigenic FeMn oxyhydroxide and detrital fractions. Major and 

trace elements were measured for all the samples in cores 149 and 140. The Sm and 

Nd isotope composition for selected samples of the detrital fraction of core 149 were 

also analysed (in total 12). Samples were collected from at least 30 cm below the 

seafloor, minimising anthropogenic Pb contamination and avoiding superficial units of 

sediment clearly not belonging to the Late Devensian period. 

The Pb analytical procedures followed the technique applied in Crocket et al. 

(2012) and adapted from Gutjahr et al. (2007). The Appendix details in full all 

procedures relating to the FeMn oxyhydroxide leaching technique, detrital fraction 

digestion, column chromatographic separation procedures for Pb, Sr and Nd, major 

and trace elements analysis, total procedural blanks, and mass spectrometry, 

including reproducibility of the leaching approach. Here a brief summary is outlined. 

 
 

4.5.1. Analytical methods 

 
Separation of Pb in authigenic and detrital fractions 

Bulk marine sediments are composed of distinct fractions: exchangeable, bound to 

carbonates, bound to organic matter, bound to FeMn oxyhydroxides and a residual 

(detrital) fraction (Tessier et al., 1979). 

An average of 100 mg of sediment per sample was decarbonated in 8 ml of 0.1 

M Na acetate-buffered acetic acid for 24 hours, after which the supernatant was 

discarded and the sediments rinsed in 18.2 MΩ-deionised (DI) water and centrifuged 

multiple times. Exchangeable ions were removed by a leach in 8 mL of 1 M MgCl2 for 

~1.5 hours, before further multiple rinsing in deionised water and centrifugation. The 

samples were solubilised in 8 mL of 50 mM hydroxylamine hydrochloride (HH) 

dissolved in 15% glacial acetic acid over a 3 hour period, during which they were 

gently agitated. The samples were further centrifuged before transfer of 6 ml of the 
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supernatant (dominated by the FeMn oxyhydroxide fraction, henceforth referred to 

as the leachate) to Teflon vials for drying. The leachates were fully dissolved in 

HNO3, fluxed and dried before a final dilution in 400 µL 3M HNO3. 

After extraction of the FeMn oxyhydroxide fraction, the residual (detrital) 

fraction was reacted in 50 mM HH + 15% acetic acid for a further 24 hours to 

remove all trace of FeMn oxyhydroxides. The organic matter and remaining 

authigenic phases were destroyed in consecutive treatments with hydrogen peroxide, 

aqua regia and perchloric acid accompanied by ultrasonication. Finally, refractory 

bituminous matter in few of the samples was eliminated with centrifugation. The 

remaining silicates were digested in concentrated HF-HNO3 over a 3 day period in 

closed Teflon vials. 

Major and trace metal analyses  

Following the chemical separation of the leachates and residuals an aliquot of 10% 

was collected from both fractions in order to be analysed for major and trace 

elements. Major element analysis was performed at SAMS on a Perkin Elmer Optima 

DV4300 inductively coupled plasma optical emission spectrometer ICP-OES. Trace 

metals analysis was performed at SAMS on a Thermo Scientific X-Series (II) 

quadrupole inductively coupled plasma mass spectrometer (ICP-MS). Details on the 

calibration protocols, standards used and blanks are presented in the Appendix. 

Multi-collector Plasma Mass Spectrometry 

Sr, Nd and Pb fractions were all measured for isotope ratios using a Thermo Fisher 

Scientific Neptune Multi-collector Plasma Mass Spectrometer (MC-ICP-MS) in the 

Department of Earth Sciences at Durham University. The basic analytical method 

used for each element on the Neptune comprises a static multi-collection routine of 1 

block of 50 cycles with an integration time of 4 sec per cycle; total analysis time ~3.5 

mins.  

The Pb was purified at Durham using Sr- spec resin as described in Font et al. 

(2008). Prior to analysis, the Pb beam intensity for each sample was tested and the 

sample spiked with Tl to a constant Pb/Tl ratio. Despite the differing fractionation 
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behaviour of Pb and Tl during MC-ICPMS, accurate and precise Pb isotope data can 

be obtained with Tl ‘spiking’. The method applied in this study is presented in the 

Appedixes. Pb samples were analysed during six analytical sessions. The optimised 

205Tl/203Tl ratio used for mass bias correction and the average Pb isotope ratios 

measured on NBS 981 in each analytical session are reported in Table 4.3b.  Over 

the six analytical sessions comprising this study the offset of our average values for 

the NBS981 reference std from the Baker et al. (2004) values were: -5.5 to +3.7 ppm 

(206Pb/204Pb); -46 to +35 ppm (207Pb/204Pb); -153.1 to -63.4 ppm (208Pb/204Pb); -41.5 

to +26.7 ppm (207Pb/206Pb); -150.3  to -61 ppm (208Pb/206Pb). 

Nd and Sr analysis in the detrital fraction 

Nd and Sr samples were leached in 6M HCl at 60°C in an ultrasound for 30 mins. 

They were then rinsed in 18.2MΩ H2O 3 times. Samples were then dissolved with 

29M HF and 16M HNO3 (3:1) in Teflon vials on a hotplate at 100°C for 24 hrs. The 

dissolution and column procedures for the separation of Sr from whole-rock matrices 

are described in Font et al. (2008). For Sr isotope ratio measurements instrumental 

mass bias was corrected for using a 88Sr/86Sr ratio of 8.375209 (the reciprocal of the 

86Sr/88Sr ratio of 0.1194) and an exponential law. Samples were analysed during one 

analytical session during which the average 87Sr/86Sr value for NBS987 was 

0.710271±0.000012 (16.5ppm; n=7). Sr isotope data for samples is normalised to an 

accepted NBS987 value of 0.71024 Thirlwall (1991). 

For Nd isotope ratio measurements instrumental mass bias was corrected for 

using a 146Nd/145Nd ratio of 2.079143 (equivalent to the more commonly used 

146Nd/144Nd ratio of 0.7219) and an exponential law. 146Nd/145Nd are used for mass 

bias correction since Nd is analysed as part of a total REE column cut and they are 

the only two REE interference-free Nd isotopes. Samples were analysed during a 

single analytical session during which the average 143Nd/144Nd value for pure and Sm-

doped JNDi-1 standards was 0.512094±0.000009 (17ppm 2SD; n=9). Nd isotope data 

for samples are reported relative to a JNdi value of 0.512115 equivalent to a La Jolla 

value of 0.511858 Tanaka et al. (2000). The accuracy of the Sm correction method 



Chapter IV: Weathering fluxes and sediment provenance on the SW Scottish shelf 

 

131 
 

during analysis of a total REE fraction is demonstrated by the analysis of BHVO-1, 

which gave an average 143Nd/144Nd ratio of 0.513002±0.000006 after Sm correction; 

within error of the MC-ICP-MS ratio of 0.512988±0.000010 (17.5ppm 2SD; n=6) 

obtained by Weis et al. (2005). 

 
 

4.5.2. Chronostratigraphy 

 
Bivalve shells and fragments were sampled and dated in order to produce an age 

model for the cores. The dearth of monospecific foraminifera tests in core 149 

prevented determination of more ages with which to constrain the age model. The 

samples were sent to 14CHRONO Centre in Queen’s University Belfast, NERC 

Radiocarbon Facility in East Kilbride and the Radiocarbon laboratory at University 

of California for radiocarbon dating. 

Nine 14C accelerator mass spectrometry (AMS) radiocarbon dates were obtained 

from the three cores. The details are provided in Table 4.2. Dates were calibrated 

into calendar ages using Calib v7.1 (Stuiver et al., 2016) with  the MARINE13 

calibration curve (Reimer et al., 2013). The paucity of dated material does not permit 

the production of a robust age model for the three cores, nevertheless the constraints 

permit a correlation of the different sections analysed. The laminated muds in core 

149 extend from a maximum age of 20.1 cal ka BP at the diamicton-laminated mud 

interface to a maximum of 14.8 cal ka BP at the top of the laminated muds. The 

date of 10.8 cal ka BP in the upper mud unit is interpreted as spurious, produced by 

bioturbation. Potential hiatuses or internal changes in the sedimentation rates are not 

readily identifiable. However, the extremely delicate lamination in this unit (visible 

on X-ray scans, Figure 4.3) supports consistency in sedimentation rate, suggesting a 

low-energy environment, with sedimentation under a seasonal or even diurnal 

influence related to tidal activity (cf. Dowdeswell et al., 2000), which is known to 

have been prominent in the area after the Last Glacial Maximum (Uehara et al., 

2006). An age of 10.3 ± 0.13, obtained from a small bivalve fragment at 2.2 m is 

interpreted as spurious, as too young to belong to glacimarine sediments. The 



Chapter IV: Weathering fluxes and sediment provenance on the SW Scottish shelf 

 

132 
 

fragment was probably moved in the core cutting process. In core 151 two dates of 

~16.8 and 23.2 cal ka BP constrain the time of deposition of the lower part of the 

core, and indicate a correspondence to part of core 149. The middle part of the 

iceberg-turbated diamicton in core 140 is dated at 21.5 cal ka BP, and its deposition 

probably ceased well before 12.1 cal ka BP (obtained at 0.96 m in the upper sandy 

mud unit). A maximum age of 50.7 ± 2.5 ka BP was obtained at 2.99 m core depth, 

indicating that the second diamicton unit is most likely a pre-Late Devensian 

glacimarine deposit, possibly glacially reworked during the last glacial maximum. The 

sampling has therefore been restricted to the top diamicton unit. 

 

Table 4-2 - AMS 14C dates – Calib 7.1 uses an assumed ~400 year global surface water average marine 

reservoir effect (MRE) offset for radiocarbon ages calibrated using the Marine13 calibration curves. Errors are 

provided to 2σ, no deltaR is applied. 

Lab. code Core ID 
Depth in 
core (m) 

Material 
14C age  
(yr BP) 

Corr. age  
yr BP 

UBA-29958 149VC 0.4 Nucula sulcata 9873 ± 40 10835 ± 160 

UBA-29138 149VC 0.51 Bivalve fragment 12951 ± 48 14807 ± 320 

UBA-29960 149VC 4.2 Bivalve fragment 18441 ± 94 21864 ± 300 

SUERC-59509 149VC 4.21 Bivalve fragment 17077 ± 56 20119 ± 202 

UBA-29135 140VC 0.96 Hiatella arctica 10707 ± 56 12145 ± 268 

UBA-29136 140VC 1.51 Yoldiella sp. 18236 ± 102 21583 ± 308 

UBA-29137 140VC 2.99 Bivalve fragment 50780 ± 2520 / 

SUERC-67939 151VC 3.01 Yoldiella sp. 14269 ± 46 16782 ± 228 

UCIAMS-179841 151VC 3.89-3.94 Foramin. (mixed) 19690 ±90 23233 ± 283 
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4.6. Source catchment geochemistry 
 

Scotland is characterised by a complex and varied geology, with progressively more 

ancient metamorphic Dalradian (~0.7 Ga), Moine (~1.1 Ga) and Lewisian (~2.9 Ga) 

terranes from South to North, bounded by major fault systems. Prominent igneous 

centres of Paleogene age (~55 Ma, the British Tertiary Igneous Provinces, BTIP) 

occupy large portions of the major islands, Skye, Rum and Mull and the 

Ardnamurchan peninsula (Figure 4.2). A review of the geology of western Scotland 

is provided in Chapter 1.  

A rich literature exists of Pb isotope compositions of Scottish rocks, and a 

survey of the published material on Pb isotope ratios from bulk rock samples in 

western Scotland was carried out. The compilation of the Pb isotope ratios is 

presented in the supplementary material on the CD (where possible, the ID of the 

sample, location of the site and specific lithology is given). The list is complemented 

by Nd and Sr isotope ratios and trace elements abundances where available. These 

data are summarised in a schematic representation of the main source catchments, 

geology and average isotope ratios (Figure 4.2 and 4.4).  

Unfortunately, the existing Pb isotope determinations are geographically 

uneven. The Pb isotope ratios of Palaeogene and Caledonian Igneous intrusions and 

extrusions are the best established. Less exhaustive but still extensive are the studies 

on Pb composition of bulk Lewisian crust. On the other hand, there are relatively few 

analyses of the isotopic composition of the great metasedimentary terranes of the 

Proterozoic-Cambrian, i.e. the Moine and Dalradian Supergroups. The Torridonian 

sandstones have also received little attention. A second issue arises when considering 

the geographical position of Palaeogene BTIP volcanic centres. As coeval sources, and 

in this case probably derived from the same mantle-derived reservoirs, they are likely 

to have very similar isotope ratios. While there is indeed juxtaposition between Skye 

and Mull igneous rocks, there are also some differences that might be helpful in 

discriminating between the two sources. Tertiary magmas were moderately 

contaminated by crustal-derived elements as they passed through the crust (Dickin, 
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1981; Kerr et al., 1995). The mechanisms and degree of contamination are different 

between Skye and Mull, producing different isotope trends (Figure 4.3). For 

example, Moorbath & Welke (1968) were the first to show Pb isotope compositions of 

acid and basic rocks from Skye that lie on a Pb/Pb mixing line between 3 Ga old 

Lewisian crust and 60 Ma old mantle. The granites have 35-70% crustal Pb while 

basic rocks have 22-65%. Dickin et al. (1984) calculate an age for Skye Cuillins 

samples in Pb/Pb space of about 2880 ± 130 Ma, providing strong evidence for 

significant  contamination of the Skye Tertiary basic intrusions.  

Considerable variations are also present between units in the Lewisian Complex. 

During metamorphism the Lewisian granulites were strongly depleted in K, Rb, U 

and Th compared to the equivalent amphibolite-facies gneiss (e.g. Weaver & Tarney 

1980). Lewisian granulites, which dominate the mainland outcrops and the 

Westernmost portion of Tiree, are therefore Pb-rich, with low 206Pb/204Pb (~14) and 

low 208Pb/204Pb (~36). Amphibolite-facies gneisses, mainly cropping out on the 

Southern Outer Hebrides and Tiree and Coll, have instead a very distinctive, high 

208Pb/204Pb ratio (> 40). It is important to specify that the carbonate Pb budget is 

not represented in the results from the detrital fraction (see Materials and methods). 

However, the reduced extent of limestones and dolostones in western Scotland is 

thought not to affect the results in a significant way.  

Several studies (e.g. Clark 1987; Farmer et al. 2003) have shown how fine-

grained material in glacimarine cores derives from glacial abrasion of crustal rocks 

locally available (50 to 100 km from the ice margin), and do not include lithologies 

from further inside the ice-sheet. Once this fine material is suspended in the marine 

environment, good mixing of meltwater plumes and the water column could transport 

it for several hundreds of km (Andrews and Syvitski, 1994), especially with a tidal 

regime that was thought to be stronger along western Scotland’s marine margin 

during deglaciation (Ward et al. 2016). 
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Figure 4.4 - Fields of potential source areas plotted in Pb/Pb space. Data are from the following sources. 

Lewisian basement (A = amphibolites; G = granulites): (Dickin and Jones, 1983; Floyd et al., 1989; Hamilton et 

al., 1979; Kerr et al., 1995; Moorbath et al., 1975, 1969; Muir et al., 1993; Weaver and Tarney, 1980). 

Torridonian sandstones: (Dickin and Exley, 1981; Dickin and Jones, 1983). Moine metasediments (Geldmacher et 

al., 2002, 1998; Lambert et al., 1981; Preston et al., 1998). Dalradian metasediments (Dickin et al., 1981; Frost 

and O’Nions, 1985; Lambert et al., 1982; Van De Kamp, 1970). Caledonian granites and Lorn lavas (Blaxland et 

al., 1979; Clayburn, 1988; Clayburn et al., 1983; Frost and O’Nions, 1985; Johnstone et al., 1979; Thirlwall, 
1986, 1982). British Tertiary Igneous Province (Bell et al., 1994; Dickin, 1981; Dickin et al., 1984; Dickin and 

Exley, 1981; Geldmacher et al., 2002; Gibson, 1990; Kerr et al., 1995; Moorbath et al., 1969; Preston et al., 

1998) 

 
Taking into account the position of the ice divides after the LGM and the 

reconstructed activity of the ice streams acting after ~20 ka ago (C. D. Clark et al., 

2012; J. Clark et al., 2012; Dove et al., 2015; Finlayson et al., 2014; McCabe and 

Williams, 2012), only sources from western Scotland were therefore considered. 
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Sources external to the British and Irish isles are assumed to have an insignificant 

influence on the geochemical composition of the detrital material on the mid-interior 

UK shelf.. 

Considering the erosional mixing action of the glaciers, averages of Pb isotope 

compositions are taken as representatives of geological groups, and, in interpreting 

the data, greater importance is given to extensive and frequent lithologies over minor 

and occasional ones. 
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4.7. Results 
 

The results for Pb, Sr and Nd isotopes are presented in Table 4.3 and 4.4. The 

results for major and trace elements analyses are instead provided in the Appendix 

IV. 

Pb isotope variations in leachates (Figure 4.5) In core 140 and 151 the ranges 

in Pb isotope ratios are relatively small. 206Pb/204Pb = 19.59 to 19.79 vs 19.34 to 

19.51 and 207Pb/204Pb = 15.73 to 15.74 vs 15.70 to 15.73. Of these two, core 140 

displays the most radiogenic isotope compositions; core 151 instead presents the most 

unradiogenic compositions of the three records. Core 149 covers the longest span of 

time of the three and also presents the most variable Pb record. The Pb isotope 

ratios follow a pronounced excursion from higher 206Pb/204Pb (up to 20.05) and 

207Pb/204Pb ratio (~15.79) in the diamicton to a less radiogenic signal (19.48 and 

15.71 respectively) in the glacimarine sequence, that is from older to younger 

sediments. Along the rest of the core small excursions of ~0.15-0.25 in the 206Pb/204Pb 

and ~0.01-0.02 in the 207Pb/204Pb values are observed at 360 and 130 cm depth 

(corresponding to ~17.5 and ~14.6 cal ka BP). 

A completely different and unexpected behaviour is observed in all three cores 

in 208Pb/204Pb ratios, which evolve often almost in a mirror-like fashion in respect to 

the other two isotope records. In core 149 208Pb/204Pb values increase from ~38.35 to 

38.55 in the lower part and then oscillate roughly reversed, with peaks corresponding 

to troughs in 206Pb/204Pb and 207Pb/204Pb values and vice-versa. The same is 

observed in core 140, while core 151 presents prominent inversions only at 368 cm 

and in the interval between 218 and 128 cm. Such specular behaviour has not been 

identified before in literature and will be treated in the discussion. 



 

 
 

 
 

 

 

 

Table 4-3a - Pb isotope compositions. Samples were analysed in different analytical sessions (session # given in column 2)  

and the relevant information for the NBS981 Pb isotope std for each session is presented in Table 4-3b 

JC106_140VC 
Leachate 

ID 
Session 

No 

[Pb] 

μg/g 

DEPTH 

(cm) 
206Pb/204Pb 2SE 207Pb/204Pb 2SE 208Pb/204Pb 2SE 207Pb/206Pb 2SE 208Pb/206Pb 2SE 

αC1r 5 6.422 133 19.70540 0.00057 15.74429 0.00054 38.52297 0.00162 0.79899 0.00001 1.95497 0.00003 

αC2 4 6.993 139 19.72486 0.00074 15.74438 0.00076 38.50547 0.00221 0.79820 0.00001 1.95213 0.00005 

αC4 4 6.070 151 19.68570 0.00069 15.73944 0.00072 38.52269 0.00226 0.79955 0.00001 1.95692 0.00006 

αC6 4 5.978 163 19.72553 0.00082 15.74508 0.00080 38.48789 0.00242 0.79820 0.00001 1.95116 0.00005 

αC7r 5 6.165 169 19.58900 0.00048 15.73011 0.00049 38.54557 0.00132 0.80301 0.00001 1.96772 0.00003 

REPLICATES (re-sampled) 

αC4r 5 6.676 151 19.77622 0.00062 15.75308 0.00056 38.49733 0.00162 0.79657 0.00001 1.94666 0.00004 

Detrital 

αC1 4 2.411 133 18.97783 0.00067 15.62351 0.00067 38.62366 0.00211 0.82326 0.00001 2.03518 0.00006 

αC2 4 3.014 139 19.06874 0.00059 15.64550 0.00066 38.68113 0.00217 0.82049 0.00001 2.02853 0.00006 

αC3 4 3.171 145 19.03791 0.00068 15.63914 0.00071 38.69103 0.00232 0.82148 0.00001 2.03230 0.00006 

αC4 4 3.060 151 19.07305 0.00068 15.64360 0.00076 38.82433 0.00224 0.82019 0.00002 2.03557 0.00006 

αC5 4 2.963 157 19.02746 0.00073 15.63271 0.00077 38.67805 0.00252 0.82158 0.00001 2.03275 0.00006 

αC6 4 2.818 163 19.06138 0.00069 15.63630 0.00076 38.65936 0.00212 0.82030 0.00001 2.02814 0.00005 

αC7 4 2.717 169 18.93889 0.00081 15.62445 0.00068 38.68124 0.00248 0.82500 0.00001 2.04250 0.00007 

 

 

 

 

 



 

 
 

 
 

JC106_149VC 
Leachate 

ID 
Session 

No 
[Pb] 
μg/g 

DEPTH 
(cm) 

206Pb/204Pb 2SE 207Pb/204Pb 2SE 208Pb/204Pb 2SE 207Pb/206Pb 2SE 208Pb/206Pb 2SE 

βA5r 5 13.034 34 19.56935 0.00058 15.72516 0.00055 38.55684 0.00159 0.80357 0.00001 1.97027 0.00003 

βB3 2 9.218 72 19.49597 0.00072 15.71689 0.00074 38.56615 0.00229 0.80617 0.00002 1.97816 0.00006 

βB6 2 7.086 90 19.51211 0.00076 15.71997 0.00083 38.55410 0.00266 0.80565 0.00002 1.97589 0.00007 

βB9r 5 10.571 108 19.57094 0.00054 15.72552 0.00055 38.54878 0.00157 0.80350 0.00001 1.96968 0.00003 

βB12 2 8.255 126 19.62230 0.00095 15.73332 0.00101 38.52632 0.00308 0.80181 0.00001 1.96341 0.00007 

βB15 2 6.156 144 19.49647 0.00112 15.71867 0.00101 38.57521 0.00302 0.80621 0.00002 1.97854 0.00006 

βC1r 5 15.182 161 19.48130 0.00057 15.71501 0.00057 38.60711 0.00169 0.80666 0.00001 1.98173 0.00004 

βC4 2 5.537 179 19.57919 0.00084 15.72848 0.00096 38.57055 0.00300 0.80333 0.00002 1.96998 0.00008 

βC7 3 6.877 197 19.59649 0.00091 15.72736 0.00095 38.57686 0.00302 0.80255 0.00001 1.96854 0.00007 

βC14 3 8.848 239 19.61334 0.00088 15.73111 0.00091 38.56370 0.00280 0.80206 0.00001 1.96617 0.00006 

βD1 3 6.687 257 19.64206 0.00075 15.73372 0.00084 38.55766 0.00242 0.80102 0.00001 1.96301 0.00005 

βD5r 5 12.296 281 19.49708 0.00063 15.71689 0.00060 38.60251 0.00162 0.80611 0.00001 1.97993 0.00003 

βD8 3 6.966 299 19.51840 0.00075 15.71837 0.00077 38.58837 0.00226 0.80530 0.00001 1.97702 0.00006 

βD12 3 7.536 323 19.50804 0.00065 15.71636 0.00065 38.58702 0.00185 0.80564 0.00001 1.97802 0.00005 

βE1 3 5.807 359 19.70644 0.00081 15.74395 0.00080 38.55619 0.00251 0.79893 0.00001 1.95653 0.00006 

βE4 3 6.786 377 19.56909 0.00074 15.72375 0.00069 38.56849 0.00230 0.80350 0.00001 1.97088 0.00006 

βE7r 5 8.486 395 19.65747 0.00053 15.73583 0.00054 38.56616 0.00141 0.80050 0.00001 1.96190 0.00003 

βE10 3 4.478 413 20.05535 0.00072 15.78400 0.00073 38.35375 0.00220 0.78701 0.00001 1.91237 0.00005 

βE11 3 4.350 419 19.73946 0.00073 15.74388 0.00079 38.41423 0.00214 0.79759 0.00001 1.94609 0.00006 

βE12 3 3.815 425 19.92735 0.00077 15.76657 0.00077 38.35911 0.00240 0.79120 0.00001 1.92493 0.00005 

βE14r 5 6.625 437 19.92263 0.00062 15.76754 0.00057 38.39399 0.00163 0.79143 0.00001 1.92715 0.00003 

REPLICATES (re-sampled) 

βB9b 4 5.509 108 19.61541 0.00064 15.72982 0.00068 38.52640 0.00200 0.80189 0.00001 1.96408 0.00005 

βC4r 5 10.511 179 19.60573 0.00058 15.73084 0.00050 38.55847 0.00129 0.80236 0.00001 1.96667 0.00003 

βD5e 3 7.719 281 19.50190 0.00080 15.71608 0.00088 38.58890 0.00286 0.80588 0.00002 1.97876 0.00007 

βD8bis 3 6.444 299 19.43235 0.00076 15.70665 0.00085 38.61480 0.00261 0.80829 0.00002 1.98717 0.00007 

DUPLICATES (re-measured) 

βA5rre     34 19.56918 0.00067 15.72500 0.00062 38.55580 0.00195 0.80357 0.00001 1.97027 0.00005 

βD5ere     281 19.50531 0.00067 15.71853 0.00066 38.59674 0.00193 0.80585 0.00001 1.97877 0.00004 

βD5rre     281 19.49741 0.00046 15.71741 0.00046 38.60477 0.00144 0.80612 0.00001 1.97998 0.00004 



 

 
 

Detrital                       

βA5 2 6.728 34 19.02171 0.00087 15.64317 0.00091 38.89918 0.00282 0.82237 0.00001 2.04493 0.00005 

βB3 3 6.341 72 19.12896 0.00073 15.65673 0.00082 38.78657 0.00264 0.81849 0.00002 2.02764 0.00007 

βB6 3 5.777 90 19.19508 0.00066 15.66468 0.00065 38.84223 0.00207 0.81608 0.00001 2.02355 0.00006 

βB9 4 4.821 108 19.21482 0.00064 15.66725 0.00058 38.83813 0.00176 0.81537 0.00001 2.02125 0.00004 

βB12 3 6.424 126 19.18696 0.00072 15.66147 0.00076 38.81456 0.00220 0.81626 0.00001 2.02296 0.00005 

βB15 3 5.876 144 19.19349 0.00075 15.66857 0.00081 38.83444 0.00258 0.81634 0.00001 2.02330 0.00007 

βC1 2 5.909 161 19.08192 0.00069 15.65272 0.00086 38.93244 0.00274 0.82029 0.00002 2.04028 0.00007 

βC4 3 5.490 179 19.21777 0.00057 15.67015 0.00069 38.83270 0.00214 0.81540 0.00001 2.02068 0.00006 

βC7 3 6.643 197 19.18655 0.00073 15.66329 0.00076 38.79822 0.00226 0.81637 0.00001 2.02214 0.00006 

βC10 2 4.998 215 19.04650 0.00080 15.64976 0.00081 38.89747 0.00256 0.82166 0.00001 2.04223 0.00006 

βC14 3 6.682 239 19.22782 0.00067 15.67227 0.00072 38.84252 0.00228 0.81508 0.00001 2.02013 0.00006 

βD1 3 5.939 257 19.23351 0.00102 15.67282 0.00101 38.83876 0.00304 0.81488 0.00002 2.01937 0.00007 

βD5e 4 5.521 281 19.21776 0.00080 15.67051 0.00077 38.85639 0.00236 0.81543 0.00001 2.021930 0.00005 

βD8 3 5.007 299 19.21813 0.00078 15.67242 0.00087 38.85785 0.00267 0.81551 0.00001 2.02195 0.00007 

βD12 3 6.143 323 19.13760 0.00074 15.65805 0.00076 38.77635 0.00230 0.81818 0.00001 2.02621 0.00005 

βD15 2 4.328 341 19.07711 0.00075 15.65438 0.00079 38.94133 0.00232 0.82058 0.00001 2.04126 0.00005 

βE1 3 5.989 359 19.12863 0.00080 15.65589 0.00084 38.68113 0.00248 0.81846 0.00001 2.02215 0.00006 

βE4 3 6.312 377 19.16417 0.00080 15.65953 0.00083 38.79899 0.00257 0.81713 0.00001 2.02461 0.00005 

βE7 2 5.854 395 19.04530 0.00066 15.64806 0.00074 38.91340 0.00227 0.82162 0.00001 2.04320 0.00006 

βE10 4 5.125 413 18.78187 0.00067 15.59245 0.00071 38.32156 0.00210 0.83018 0.00001 2.040341 0.00006 

βE11 4 5.156 419 18.80898 0.00059 15.60145 0.00065 38.37958 0.00220 0.82946 0.00001 2.040490 0.00007 

βE12 4 4.574 425 18.59446 0.00068 15.56797 0.00073 38.17981 0.00228 0.83724 0.00001 2.053289 0.00006 

βE14 4 4.195 437 18.63736 0.00070 15.57782 0.00080 38.31511 0.00225 0.83584 0.00001 2.05581 0.00005 

REPLICATES (re-sampled) 

bD8bis 4 3.687 299 19.20611 0.00058 15.67243 0.00064 38.85699 0.00217 0.81601 0.00001 2.023154 0.00005 

 

 

 

 

 



 

 
 

 

JC106_151VC 
Leachate 

ID 
Session 

No 

[Pb] 

μg/g 

DEPTH 

(cm) 
206Pb/204Pb 2SE 207Pb/204Pb 2SE 208Pb/204Pb 2SE 207Pb/206Pb 2SE 208Pb/206Pb 2SE 

γB1 1 6.795 98 19.52751 0.00129 15.72978 0.00146 38.56108 0.00493 0.80552 0.00003 1.97472 0.00014 

γB6 1 7.369 128 19.46827 0.00081 15.71900 0.00078 38.54373 0.00270 0.80742 0.00001 1.97983 0.00007 

γC3 1 6.889 158 19.43074 0.00067 15.71521 0.00067 38.56170 0.00244 0.80877 0.00001 1.98456 0.00007 

γC8 1 7.536 188 19.46201 0.00067 15.71914 0.00066 38.54541 0.00225 0.80770 0.00001 1.98050 0.00007 

γC13 1 7.308 218 19.33487 0.00054 15.70149 0.00056 38.60225 0.00243 0.81207 0.00001 1.99650 0.00007 

γD4 1 7.216 248 19.42019 0.00064 15.71395 0.00068 38.58108 0.00221 0.80916 0.00001 1.98667 0.00007 

γD9 1 7.555 278 19.41312 0.00077 15.71402 0.00074 38.57862 0.00265 0.80945 0.00001 1.98727 0.00007 

γD14 1 5.666 308 19.41346 0.00076 15.71438 0.00070 38.58059 0.00227 0.80946 0.00001 1.98731 0.00005 

γE4 1 5.226 338 19.37582 0.00063 15.70624 0.00062 38.56444 0.00205 0.81061 0.00001 1.99034 0.00006 

γE9 1 5.699 368 19.46171 0.00093 15.71884 0.00084 38.53422 0.00259 0.80769 0.00001 1.98002 0.00006 

γE14 1 5.985 398 19.39951 0.00055 15.71177 0.00056 38.55583 0.00206 0.80991 0.00001 1.98748 0.00006 

REPLICATES (re-sampled) 

γC3bis 1   158 19.37589 0.00076 15.70703 0.00071 38.58576 0.00211 0.81063 0.00001 1.99135 0.00006 

Detrital 

ID 
Session 

No 
[Pb] 
μg/g 

DEPTH 
(cm) 

206Pb/204Pb 2SE 207Pb/204Pb 2SE 208Pb/204Pb 2SE 207Pb/206Pb 2SE 208Pb/206Pb 2SE 

γB1 2 2.272 98 19.23166 0.00084 15.67142 0.00092 38.91801 0.00282 0.814873 0.00002 2.023631 0.00007 

γB6 2 2.938 128 19.18099 0.00095 15.66386 0.00100 38.88257 0.00316 0.816629 0.00002 2.027143 0.00007 

γC3 4 2.154 158 19.23567 0.00080 15.66927 0.00095 38.88919 0.00282 0.81459 0.00001 2.02168 0.00007 

γC8 2 3.062 188 19.21355 0.00069 15.66760 0.00076 38.89141 0.00238 0.815448 0.00002 2.024177 0.00007 

γC13 2 2.262 218 19.19249 0.00167 15.66575 0.00192 38.90280 0.00633 0.816243 0.00003 2.026980 0.00016 

γD4 2 3.091 248 19.19715 0.00072 15.66897 0.00085 38.90912 0.00245 0.81621 0.00002 2.026832 0.00006 

γD9 2 2.427 278 19.19803 0.00079 15.67044 0.00092 38.90089 0.00295 0.81625 0.00002 2.02628 0.00008 

γD14 2 3.438 308 18.92866 0.00087 15.62770 0.00100 38.71561 0.00297 0.82561 0.00002 2.04537 0.00007 

γE4 2 3.038 338 19.07443 0.00079 15.64854 0.00087 38.83539 0.00278 0.82040 0.00002 2.03600 0.00008 

γE9 2 2.845 368 19.10985 0.00096 15.65324 0.00100 38.83093 0.00308 0.81912 0.00002 2.03200 0.00007 

γE14 4 2.340 398 18.99362 0.00063 15.63844 0.00076 38.80738 0.00225 0.82335 0.00001 2.04317 0.00006 

 

 



 

 
 

 

 

Table 4-3b – The average Pb isotope ratios measured on the NBS 981 isotope reference material  
and the optimised 205Tl/203Tl ratio used for mass bias correction in each analytical session 

Session 
No 

Date 

Number 
of 

standard 
runs 

206Pb/204Pb 2SD 207Pb/204Pb 2SD 208Pb/204Pb 2SD 207Pb/206Pb 2SD 208Pb/206Pb 2SD 205Tl/203Tl 

1 15/05/2015 12 16.9417 ±0.00088 15.5004 ±0.00118 36.7205 ±0.00350 0.9149 ±0.00003 2.1675 ±0.00011 2.3888 

2 19/11/2015 12 16.9416 ±0.00063 15.4997 ±0.00064 36.7222 ±0.00168 0.9149 ±0.00002 2.1676 ±0.00005 2.3886 

3 23/11/2015 14 16.9415 ±0.00060 15.5002 ±0.00079 36.7235 ±0.00228 0.9149 ±0.00002 2.1677 ±0.00007 2.3887 

4 24/11/2015 12 16.9416 ±0.00082 15.4998 ±0.00066 36.7217 ±0.00183 0.9149 ±0.00002 2.1676 ±0.00005 2.3886 

5 10/02/2016 11 16.9415 ±0.00061 15.4992 ±0.00070 36.7202 ±0.00227 0.9149 ±0.00003 2.1675 ±0.00010 2.3885 

 

 

Table 4-4 - Results from Sr and Nd analysis 

SAMS ID 
DEPTH 

(cm) 142Nd/144Nd 2SE 87Sr/86Sr* 2SE 

βA5x 34 0.511959 0.000007 0.728895 0.000008 

βC1x 161 0.511978 0.000004 0.731466 0.000011 

βC4x 179 0.511974 0.000007 0.730682 0.000010 

βC10x 215 0.511979 0.000007 0.730712 0.000011 

βD5x 281 0.512099 0.000009 0.732402 0.000010 

βD15 341 0.512089 0.000008 0.732481 0.000010 

βE1x 359 0.512051 0.000007 0.726040 0.000010 

βE7x 395 0.511953 0.000006 0.730144 0.000010 

βE10x 413 0.511878 0.000006 0.718873 0.000010 

βE11x 419 0.511931 0.000006 0.719413 0.000011 

βE12x 425 0.511957 0.000005 0.719172 0.000011 

βE14x 437 0.511989 0.000006 0.718546 0.000011 
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Figure 4.5 - Pb isotope ratios for the leachate (top) and detrital (bottom) fraction of the three cores plotted 

against depth. Age correlation is also provided 

 

Detrital contribution to leachates: assessing detrital contamination of leachates by 

detrital Pb during the leaching procedure is an issue that must be considered 
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(Crocket et al., 2013, 2012). A first approach to check for detrital contamination is 

proposed by Bayon et al. (2002). Since Ti concentrations in seawater and biogenic 

material are very low, it is assumed that Ti contents measured in leachates are 

derived exclusively from contamination by terrigenous (detrital) material during the 

leach with the hydroxylamine hydrochloride solution. The concentrations of Ti in the 

samples are barely detectable (>26 ppm) compared to upper continental crust (UCC) 

values (~0.3 wt.%, Taylor & McLennan 1995), suggesting that no significant detrital 

contamination has occurred during the leach. 

 
Figure 4.6 - Concentration of Pb and combined Fe+Mn from the leached fraction of core 140 and 149. 

The lines denote the [Pb]/[Fe+Mn] ratios of bulk FeMn nodules from the North Atlantic (Nod-A1), Pacific (Nod-

P1) (Axelsson et al., 2002), and the detrital fraction of the two cores with the 1SD envelope. The errors on the 

leachates are smaller than the symbols on the plot. 

 

A second test, proposed by Crocket et al. (2012) uses the concentrations of Pb 

vs Fe+Mn for the oxyhydroxide fraction (Figure 4.6), comparing them to the trends 

observed in bulk samples of FeMn crusts NOD-A1 and NOD-P1 (Axelsson et al., 

2002), from the Atlantic and Pacific ocean respectively, and the trend outlined by the 

measured detrital fraction. The majority of leachates plot close to the trend of the 

NodP1, indicating [Pb]/[Mn+Fe] ratios derived solely by the precipitation of Fe-rich 

phases from seawater. Recent work on leaching protocols (cf. Blaser et al., 2016; Du 
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et al., 2016), albeit with some difference from the one used in this study, has 

highlighted the negligible influence of detrital contamination. 

 

Pb, Sr and Nd isotope compositions of the detrital fraction (Table 4.3, 4.4 

and Figure 4.5) Pb isotope ratios for the residues are generally lower than the 

corresponding leachates (Crocket et al., 2013; Gutjahr et al., 2009; Kurzweil et al., 

2010), representing the mixed contribution of competing sediment sources. Moreover, 

the Pb isotopic trends vary differently through time. In both cores 149 and 151 there 

is a pronounced increase of Pb ratios towards more radiogenic values at respectively 

377 cm and 278 cm downcore. In core 149, where it corresponds to the change from 

glacimarine mud to diamicton, 206Pb/204Pb ratios increase from about 18.9 to 19.24, 

207Pb/204Pb from 15.57 to 15.67 and 208Pb/204Pb from 38.2 to 38.94. Core 151 

presents in general higher Pb ratios than core 149, and the excursion is less 

pronounced, with ~0.15 increase in 206Pb/204Pb, ~0.02 in 207Pb/204Pb and 0.1 in 

208Pb/204Pb.  

A similar trend is observed for the 87Sr/86Sr ratios in core 149, with values 

between 0.7185 and 0.7194 in the lower part, and between 0.726 and 0.7324 in the 

upper section. The Nd isotopic composition is generally low and shows the least 

variations between groups, with εNd ranging from -14.85 to -10.5. 

The compositions of the sediments from ~20 ka in core 149 show little variation, 

with values of 206Pb/204Pb between 19.1 and 19.2 along the whole record. The most 

striking feature is a series of spikes in 208Pb/204Pb composition, five in total (at 34, 

161, 215, 341, 395 cm), corresponding to concomitant decreases in both 206Pb/204Pb 

and 207Pb/204Pb ratios. These 208Pb spikes are not associated with any Sr isotope 

anomalies, but εNd values are on average lower than the rest the record, -12.6 against 

-11.6 respectively (Figure 4.7). 
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Figure 4.7 - 87Sr/86Sr vs εNd plot of detrital samples from core 149. G1 (in blue) represents samples from 

the bottom diamicton unit, G2 (in beige) are normal samples in the glacimarine unit and G3 (in orange) are 

samples in the glacimarine unit with spikes in 208Pb/204Pb. 

 
As might be expected these 208Pb/204Pb spikes correspond to increases in Th/U 

and Th/Pb ratios (Figure 4.8), suggesting an increased input of thorogenic Pb-rich 

sediment in the system at those points in time. No clear relationship of these peaks to 

IRD-rich layer has been observed (Figure 4.3). Equivalent features are not observed 

in core 151, indicating that the source of this thorogenic Pb did not influence the 

southern core. 

Grain-size and isotope ratios: for this study bulk sediment analyses were preferred, 

contrary to single-grain provenance studies, (e.g. Colville et al., 2011; Fagel et al., 

2002; Farmer et al., 2003; Small et al., 2013), because they are more easily compared 

to the numerous Pb, Sr and Nd bulk isotope analyses of Scottish rocks present in the 

literature, and also to avoid issues with the leaching procedure (i.e. contamination 

during sieving process). Nonetheless, the <125 µm fraction constitutes almost the 

entirety in all the samples (about~97-98% weight).  
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Figure 4.8 - Detrital Cr/Ni, Th/U, Th/Pb and Rb/Sr ratios (g/g) of the samples in core 149 plotted 

against depth. In grey are highlighted the spikes in 208Pb/204Pb (see text). 

 

As described above, in core 149 the sharp decrease in detrital Pb isotope ratios is also 

closely associated with the transition to the diamicton, with the matrix composed of 

60-70% of particles <125 µm. While in this case it is conceivable that the different 

granulometry affected the isotope ratios, a series of points should be made before 

drawing final conclusions: 

• The relation between grain size in the sediment and the lithology of the source 

rocks is not well established and other studies (e.g. Farmer et al. 2003) have 

shown how different fractions do not necessarily produce different isotope 

ratios. This is also supported by the decade-long use of IRD counting 

techniques to establish sediment sources, which would be skewed if fine-

grained or soft rock sources were not represented in the >150 µm fraction. 
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• At 359 cm in the same core a sandy mud interval presents Pb isotope ratios 

equivalent to the ones of the adjacent clay, suggesting that granulometry in 

this case does not affect in any prominent way the results. 

• The general trend in both core 151 and 149 indicates a decrease of Pb isotope 

ratios towards lower values in the LGM, indicating an existing change in 

sediment sources towards these lower values. 
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4.8. Discussion 
 

4.8.1. Influence of proximity to the ice margin on FeMn 

oxyhydroxide composition 

 

In order to interpret the significance of the Pb isotope ratios it is necessary to 

identify the origin of the FeMn oxyhydroxides, that is whether they are 

allochthonous, formed on particulate material on the continents (“pre-formed”), or 

autochthonous, formed in marine settings. Pre-formed FeMn oxyhydroxides 

precipitate in response to chemical weathering in a variety of environments, including 

the subglacial (Raiswell et al., 2006) and are likely to have a very different trace 

metal composition from marine authigenic minerals (e.g. FeMn crusts and nodules), 

reflecting the concentrations of trace metals present in the solution from which they 

precipitated. They are also likely to have precipitated under different Eh-pH 

conditions, thus preserving the evidence of distinctive solid-solution partitioning 

behaviour compared to that typically occurring in seawater. 

To investigate the origin of the FeMn oxyhydroxides, comparisons of typical 

concentrations in uniquely marine precipitated FeMn nodules to the leachate samples 

in this study can be made to help ascertain the origin of the FeMn oxyhydroxide 

precipitates, the idea being that similar patterns of relative element abundance 

indicate a similar environment of precipitation. One caveat is that marine FeMn 

nodules may not have exactly the same phases as extracted in the leachates. 

Ferromangenese nodules contain variable proportions of vernadite, amorphous Fe 

oxyhydroxides and aluminosilicate minerals (Hein et al., 1996), whereas the leachates 

are thought to be almost exclusively FeMn oxyhydroxides (at least the leaching 

reagents target only the most labile FeMn phases dominated by ferrihydrite and 

lepidocrocite; Poulton and Canfield, 2005). 

In Figure 4.9 the average leachate metal/Fe ratios for cores 149 and 140 are 

plotted alongside values for NOD-A1 (Atlantic FeMn nodule), the average upper 

continental crust (UCC, Taylor and McLennan, 1995) and the detrital fraction in 

core 149. A ratio to Fe was chosen because iron is the dominant matrix element in 
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FeMn oxyhydroxides and also major component of rocks. Here the transition metals 

(Cr, Mn, Co, Ni, Cu, Zn), with high partition coefficients in Fe-rich phases, show the 

greatest divergence between marine authigenic deposits and crustal material, which 

suggests they form a good basis for discriminating between a terrigenous and marine 

origin of the leachates in this study. However, the trend of the leachates for these 

metals is strikingly similar to UCC and the detrital fraction values, suggesting the 

FeMn oxyhydroxides in cores 149 and 140 precipitated in a non-marine environment.  

 
Figure 4.9 - Element/Fe ratios(g/g) plotted for the leachates and detrital fractions in cores 140 and 149 in 

comparison to NOD-A1 values (Axelsson et al., 2002) and upper continental crust (UCC) values (Taylor and 

McLennan, 1995)  

 
While the transition metals point to a terrigenous origin of these FeMn 

oxyhydroxides, other aspects of their composition highlight the distinctly non-detrital 

nature of these leachates. A plot of Th/Zr vs. Rb/Sr ratios (Figure 4.10) clearly 

shows the marked difference between the leachates and both the detrital fraction and 

marine FeMn nodules, suggesting again absence of laboratory detrital contamination 

but a geochemical signature of the leachates not attributable to a marine 

environment.  
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Figure 4.10 - The detrital and leachates for core 140 and 149 plotted alongside NOD-A1 and P1 values on 

Rb/Sr vs Th/Zr space. Regression lines are forced through the origin. 

 

The source of elevated Th/Zr could result from FeMn oxyhydroxide 

precipitation in or proximal to the subglacial environment. High Th concentrations 

are expected in shelf waters where sources of Th to water column are abundant. In 

addition, its significantly greater particle reactivity relative to Zr, reflected by the 

disparity in residence times of 45 years and 5600 years respectively (Johnson et al., 

2016), could account for the observed Th/Zr ratios in the leachates. The lower Rb/Sr 

ratios observed in the leachates compared to the detrital fraction could be due to two 

factors. Firstly, glacial weathering and glacial sediments are known to preferentially 

release radiogenic Sr (Blum and Erel, 1995) most likely from high-Rb sheet silicates 

such as biotite (Blum et al., 1993). This process also influences the concentration of 

Sr released into solution, especially when water fluxes (or melting of the ice sheet) are 

high (Suzanne Prestrud Anderson et al., 1997; Buggle et al., 2011).  

Subglacial FeMn oxyhydroxides are dominated by ferrihydrite, lepidocrocite and 

nanoparticulate goethite (Poulton and Canfield, 2005; Raiswell et al., 2006), although 

more extreme conditions can result in precipitation of phases such as schwertmannite 

and indicate a precipitation environment with low pH (Raiswell et al., 2009). The 
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nanoparticulate phases are highly reactive in the marine environment under various 

conditions (Raiswell, 2011), however the proximity of the cores to land drastically 

reduces the possibility of dissolution before deposition. From these results it is 

possible to conclude that the FeMn oxyhydroxides are not marine in origin, they have 

not been influenced by laboratory artefacts, but they do show chemical trends that 

are suggestive of formation in subglacial to proglacial environments. 

Further insights into the nature of the FeMn oxyhydroxides on the Malin shelf 

is given by the marked disassociation in the behaviour of 208Pb in respect to the other 

two radiogenic isotopes, observed in all the cores in the Malin Sea. As shown before, 

the 208Pb signal delineates an inverted pattern and, especially in core 149, it is almost 

specular to the other two isotope ratios. Moreover, when plotting together the FeMn 

oxyhydroxide and detrital fraction, higher 208Pb/204Pb ratios are found in the detrital 

fraction compared to the leachates (Figure 4.11).  

This second inversion indicates that the bulk sediment cannot account for the 

leachate composition, as the FeMn precipitates should contain greater quantities of 

radiogenic Pb (obtained from preferential leaching of radiogenic Pb-rich mineral 

phases) than the bulk source rock. 

The easiest explanation for this atypical behaviour is the presence and interplay 

of at least two isotopically distinct weathered fluids: WF1, more enriched in 

thorogenic Pb than the second, WF2, independently from uranogenic Pb values. The 

inversions observed in the record would therefore be caused by the mixing of the two 

fluids, with peaks of 208Pb corresponding to periods of increased influx of WF1 and, 

vice-versa, troughs when WF1 is prevalent. The two fluids are not easily ascribable to 

any of the lithologies in W Scotland, but suggest a decoupled behaviour between 

dissolved Pb and Pb in the suspended clay-silt fraction, probably dictated by the 

different mobility of the two under the strong tidal regime of this period. A similar 

conclusion can be drawn from the different variations through time displayed by the 

two fractions, where trends and peaks do not overlap in a consistent manner. 
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Figure 4.11 - 208Pb/204Pb and 207Pb/204Pb vs 206Pb/204Pb of the leachate and detrital fractions in core 149. 

 

A tentative comparison of core 149 can be drawn to the one obtained from ODP Site 

980 in the Rockall Trough (Figure 4.12), located West of the Barra-Donegal Fan. 

Here a sharp decrease in all the three isotope ratios is observed during final retreat of 

the ice sheet away from the shelf. The 206Pb/204Pb decreases from about 21 to 19.5 at 

about 17.5 ka (Crocket et al., 2013), showing an even more pronounced excursion 

from LGM to Holocene than the one observed in core 149. The more radiogenic ratios 

of 149 could be associated to the proximity of the core to the Scottish ice sheet and 

therefore the higher intensity and density of the continent-derived oxyhydroxides. 

The absence of an excursion in core 151, which is includes older deposits than core 

149 can be associated to the different geographical position, with core 151 subjected 

to less terrigenous influence than core 149. This hypothesis is corroborated by the 

lower abundance of coarse IRD at the bottom of core 151 (Figure 4.3), which is the 
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cause of the radiogenic excursion in the other core. Moreover, bioturbation and 

presence of macrofauna in core 151 indicate that the sediment was probably 

deposited further away from the ice margin. Unfortunately, absence of trace metal 

data makes the assessment of the origin of these oxyhydroxides unfeasible, and a 

possible up-core switch to dominant marine precipitates cannot be ruled out. 

 
Figure 4.12 - From top to bottom: the Pb isotope ratios for leachates in core 149 (this study) and the Pb 

isotope data for ODP Site 980 (Feni Drift, Rockall Trough) (Crocket et al., 2013). In grey are shown the timings 

of the two major IRD pulses registered on the Barra-Donegal Fan (Knutz et al., 2001). 

 

 

4.8.2. Sources for the glacimarine sediments 

 
When plotted in Pb/Pb space, the Pb isotopic compositions of the residues from the 

three cores roughly define linear arrays as shown in Figure 4.13. With some 

differences, the detrital Pb isotope ratios for all the cores and the Sr and Nd ratios 

for core 149 plot within the range of Moine and Torridonian sediments and are 

therefore interpreted as derived mainly from erosion of these rock types (Figure 4.4, 
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4.13 and 4.14). The Pb isotope ratios in the cores also define trends towards more 

radiogenic ratios from older to younger sediments, with each trend representing 

changes of the relative mixing proportions between the dominant Moine-Torridonian 

and a second (or more) Pb source. The trends for the three cores are plotted in 

Figure 4.13.  

Core 140 shows the least variation in Pb isotopes. Unexpectedly, the Pb 

geochemistry of the detrital fraction is in no perceptible way affected by the 

characteristically low values of the Lewisian gneisses, the most proximal and 

extensive rock type present. This signature suggests that either eroded material was 

conveyed in a E-W direction from the Outer Hebrides at the time, or gneisses were 

not mechanically pulverised and produced mainly coarser sandy fractions (Andrews et 

al., 1989; Andrews and Principato, 2002; Larsen, 1983). 

 
Figure 4.13 - Plot in 208Pb/204Pb vs 206Pb/204Pb space and regression lines of the detrital fractions from 

the three cores. Sediment sources dominions are also indicated. Core 149 is divided in the three groups (G1, G2 

and G3) described in the text. Core 151 is divided in G1 and G2. The R2 values for the regression lines are: 0.97 

(149G1+G2), 0.91 (151G1+G2) and 0.21 (140). 
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In core 149, Pb ratios are subdivided in three sharply separated groups that 

correspond respectively to the diamicton sediments (G1), the bulk of the glacimarine 

sediments (G2) and the samples with unusually high 208Pb and Th/Pb (G3) described 

previously. The trends defined by G1 and G2 are the most similar (the average is 

plotted in Figure 4.13) and oscillate between the main Moine-Torridonian source 

and a second end member, assigned to igneous volcanic rocks of the BTIP. The same 

trend is observed in the 87Sr/86Sr vs 206Pb/204Pb plot (Figure 4.14).  

 
Figure 4.14 - 87Sr/86Sr vs 206Pb/204Pb plot of samples from core 149 (small circles; respectively G1 in blue, 

G2 in beige and G3 in orange) against western Scottish sources. 

 
Moreover, high Cr/Ni ratios (~4) found in the G1 detrital fraction relative to 

the two other sample groups (~2.5) are readily correlated to basalts and basaltic 

andesites on Mull (~4.2) than average Moine sediments (~1.9) (Preston et al., 1998) 

(Figure 4.8). The peaks in 208Pb in core 149 cannot be interpreted as variations 

within the Moine range as they are too regular in the inversion of the other two Pb 

ratios and present distinct Th/Pb ratios (Figure 4.15). High Th/Pb and 

208Pb/204Pb with comparatively lower 206Pb/204Pb are found in both Dalradian and 

Lewisian rocks, and the distinction between the two cannot be resolved only on a 

geochemical basis (Figure 4.4, 4.14 and 4.15). Elevated Th (and Rb, see Figure 

4.10) abundances found in the samples, relative to possible source rocks can, 
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however, be an effect of silicate weathering (e.g. Chen et al., 1999). The strong linear 

behaviour of Rb/Sr ratios in the detrital fraction of core 149 (Figure 4.10) does 

suggest some degree of element fractionation due to clay formation, in which case 

isotope variations remain a more reliable way of source discrimination. 

 
Figure 4.15 - Th/Pb vs 208Pb/206Pb plot of samples from core 149 (small circles; respectively G1 in blue, 

G2 in beige and G3 in orange) and core 140 (purple diamonds) against western Scottish sources. 

 

Core 151 plots on a different trend shown in Figure 4.13. The second low 

206Pb/204Pb isotope end member this time is tentatively assigned to the Dalradian 

metasediments. 

4.8.2.1. Discriminant function analysis 

 
Although portions of the diagrams discussed above may be provenance distinctive, 

some overlap is always observed between Moine and Torridonian rocks, which are 

more closely related to the values of the samples. In an attempt to improve 

separation between the groups, discriminant function analysis (DFA) has been 

applied to the data. The object of DFA is to derive a set of linear functions based on 

multiple variables, designed to achieve best separation between pre-defined groups of 

standard data (Klovan and Billings, 1967). The analysis for this work was made using 

the discriminant procedures available in the free software for statistical computing R 
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(lda function). Taking advantage of the, albeit limited, data present in literature, 

seven variables have been utilised for DFA: 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, 

87Sr/86Sr, 143Nd/144Nd Th/Pb and Th/Zr. 

 
Figure 4.16 - Linear discrimination analysis (LDA) results for cores 140 (top panel) and 149 (bottom 

panel). Core 149 is divided in the three groups (G1, G2 and G3) described in the text. 

 

The results from this exercise are shown in Figure 4.16. Three main points 

can be gathered from the DFA. First of all, in both cores 140 and 149 it was not 

possible to attain a complete separation of the Moine and Torridonian clusters, 

however the samples are assigned by the analysis completely to the Moine cluster 

(minimal Mahalanobis distance). Even more, core 140 plots entirely in the confidence 
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ellipse of the Moine sediments. Secondly, the three groups of core 149 retain evident 

distinctions; of the three, the average glacimarine sequence (G2) is the most related 

to the Moine cluster. Thirdly, G1 (blue) and G3 (gold) are statistically close but not 

within the Moine cluster, supporting the already proposed evidence for other 

competing sources of those sediments. 

 

 

4.8.3. Implications for the retreat of the HIS 

 
The sediment deposited in the three locations encompasses an overall time span 

between 24 and ~14 cal ka BP. It is possible however that the shallowest part in core 

151 is even younger. In all the locations and through the entire time span the 

dominant source is that of Moine pelites and psammites from NW Scotland. The only 

marked exception are the sediments of the diamicton in core 149 (G1), where 

influence of volcanic rocks determines a prominent shift in isotope ratios. Although a 

clear geochemical distinction between the three different sources of lavas (the Skye, 

Mull and Lorn fields) with the data at our disposal is not possible, some speculations 

can be made in terms of extent and geographical proximity. Firstly, the Mull and 

Skye lava fields are more extensive and proximal to the cores than the Lorn lavas. 

Secondly Dalradian Pb would be expected in the sediment together with the Lorn 

lavas, as they are found in the same area and are more widespread. For these reasons, 

it is estimated that the Tertiary lavas are the most likely sources (Figure 4.17). A 

simple binary mixing calculation between the average Mull and Skye extrusives and 

the Moine sediments results in ~20% Pb contribution from the lavas in the 

diamicton. This shift however is interpreted to have been caused by the contribution 

of more abundant IRD (>125 µm) in the unit, conclusion supported by high 

percentage of basaltic grains in >250 µm fraction found in MD95-2002 (Barra Fan, 

Knutz et al., 2001) between 20 and 15 ka. 
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Figure 4.17 - Inferred ice margin position at ~16.5 ka (Small et al. 2017) and major source pathways 

reconstructed from this study 

 

From 24 to 18 cal ka BP ice retreated across the Malin shelf (Scourse et al., 

2009; Small et al., 2017) in a predominantly W-E direction (Dove et al., 2015). Pb 

isotope compositions of the glacimarine sediments on the shelf margin, in core 140, 

show that the location was mainly influenced by Moine-type material and although 

the most proximal crustal material is that of the Lewisian basement of the Outer 

Hebrides, little or no input is observed. 

The glacimarine clays in core 149 and 151 were deposited as the ice margin 

retreated towards the inner lochs in western Scotland. No major influence of the 

Lewisian rocks of the islands are observed; this result supports the notion of ice-free 

Tiree and Coll around that time, as proposed by Small et al. (2017). 

Between ~18 and 16.5 cal ka BP ice based on the SW Highlands re-advanced 

and encroached on the Northern Irish Coast at, possibly, the East Antrim Coastal 

Readvance (EACR) (Finlayson et al., 2014; McCabe and Williams, 2012). The ice 

flow directions from the Grampian Terrane (Dalradian) were along a NE-SW axis 

and sediment was probably transported preferentially southwestwards. Ice dynamics 
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could thus justify the absence of a major influence of Dalradian sediments in the two 

shelf cores.  

As the proportion of Moine is maintained between 17 and 15 cal ka BP, it can 

only be inferred that significant inputs of Dalradian sediment did not reach the core 

locations. As ice retreat was mostly constrained along the Scottish sea lochs, it is 

possible that ice flow direction and shelf currents active at the time (Uehara et al., 

2006; Ward et al., 2016) contributed to the sediment delivery direction. 

In core 149 the spikes in 208Pb are interpreted tentatively as weak pulses of 

sediment sourced from the amphibolitic gneisses (Lewisian in age) produced by the 

shrinking independent ice domes on the Outer Hebrides (Stone and Ballantyne, 

2006). The regularity of the pulses across the record suggests discrete calving or 

meltwater discharges. An alternative Dalradian source is considered unlikely, as a 

similar signature would then be expected in core 151, which is geographically closer 

than 149 to the Grampian Terrane, but further afield from the Outer Hebrides.  

Coastal and oceanic currents circulation could also explain the radical 

differences between core 149 and 151. The North Atlantic Slope Current encroaches 

periodically on the Scottish shelf, directed northwards (Inall et al., 2009). If this 

process was active at the time of deposition it is possible that the Lewisian “inputs” 

were blocked completely from reaching the southern site of core 151 and reduced at 

core 149. However, our knowledge of the Scottish shelf circulation is still rudimentary 

both for the present (Marie Porter, pers. comm. January 2017) and the past (Kroon 

et al., 1997), therefore no definitive connections can be drawn between currents and 

isotope records. 
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4.9. Conclusion 
 

Three cores collected during in 2014 were characterised in terms of their Pb isotopic 

composition in both authigenic and detrital fractions in order to study the retreat 

dynamics of the HIS. The Pb isotope records extracted from the FeMn oxyhydroxide 

fraction of glacimarine sediments from the western Scottish shelf indicate a sharp 

decrease in radiogenic lead from ~20 ka. This decrease is interpreted to represent the 

break-up of ice-streaming in western Scotland around that time, and the consequent 

reduced export flux of continentally-derived FeMn oxyhydroxides to the continental 

shelf. Furthermore, the 208Pb/204Pb ratio shows an unusual inversion relative to the 

other radiogenic Pb isotope ratios, and is attributed to the introduction of secondary 

oxyhydroxide phases from a source with contrasting 208Pb/204Pb but similar 206Pb 

and 207Pb.  

The geology of Scotland is ideal for geochemical provenance studies due to the 

variety of rock types and age present, geographically separated in distinct terranes. 

The isotopic signature of the detrital fraction in the sediments, mainly transported by 

meltwater plumes due to their fine grain size, is used to track the relative 

contribution between different sources. The Pb, Nd and Sr isotope values indicate 

that a preponderance of Moine-sourced fine sediments, originated from the NW 

Highlands, was deposited at the core locations from ~18 to 14 ka, probably dictated 

by the orientation of ice flow, tidal current directions and source-rock hardness. The 

absence of the proximal Lewisian gneiss signature suggests that either gneisses are not 

easily mechanically pulverised and produce only coarser fractions, or prevailing ocean 

currents would carry the material northwards. Coarse grains in a basal diamicton 

shows instead influence of volcanic-derived material, suggesting, in this case, different 

provenance for different grain sizes. Periodic spikes in 208Pb/204Pb possibly point to 

pulsed increases from a high Th/U source, identified as the Archaean amphibolitic 

Lewisian Basement in the Outer Hebrides. 

Further studies on chronologically better-constrained cores, applying a suite of 

clay mineralogy, isotope geochemistry and their relations to different grain-size 
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contributions are necessary to unravel a complete dynamic deglaciation history in 

western Scotland. 
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5.1. Abstract 
 

Deglaciated shelves have the potential to record fine palaeoclimatic changes, and shelf 

basins can preserve an especially detailed and complete record due to their sheltered, 

low-energy environment. The Muck Deep, a complex of glacially-overdeepened 

troughs on the Inner Hebrides shelf, about 30 km-long and up to 320 m deep, 

constitutes an example of such environments. 

In this chapter, five sediment cores from the two Muck Deep basins (southern 

and western) have been analysed and related to the local geomorphology and seismic 

architecture. The cores show an integrated sequence of sedimentary and faunal 

variations from the retreat of the HIS in the area (about 17 ka) to the present day. 

Glacimarine sandy muds with IRD in one of the cores are dated to about 11.7 cal ka 

BP, supporting a suggested prolonged glacial occupancy in western Scotland, until 

the latest stages of GS-1. The transition from a paraglacial to a more stable, possibly 

vegetated landscape is indicated by an erosional boundary dated between 10.8 and 

11.3 cal ka BP. Here the diminishing supply of glacially eroded terrigenous material is 

substituted by abundant biogenic debris, characterised by abundant bryozoans, 

possibly colonising the shallow volcanic platform south of Eigg. 

The study area is characterised by varying bottom current velocities, and past 

changes are preserved both in the seismic and lithological record. A sandy, possibly 

tidally-influenced, deposit at 200 m depth in the southern Muck Deep shows two 

upward-fining cycles and a mid-core erosional unconformity. Such structures are not 

preserved in the western Muck Deep, where there is instead a continuous succession 

of clay and silt until the top, unaffected by erosion or change in depositional energy. 

A clear signal of increasing current energy in the late Holocene, at the end of the 

marine transgression, appears to be the only regional transition that can be correlated 

across all the cores. This boundary is interpreted as the onset of modern 

oceanographic conditions. 
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5.2. Introduction 
 

Many large-scale bedrock depressions and scours on the continental shelf offshore of  

northern Britain are a product of glacial erosion during Quaternary ice sheet 

advances across the shelf and erosion of relatively soft lithologies or along structural 

weaknesses in the basement rocks (Krabbendam et al., 2016; Le Cœur, 1999). The 

western continental shelf of Scotland in particular  is distinguished by a very irregular 

bathymetry, and it displays many examples of deep isolated rocky basins (Davies et 

al., 1984; Dobson and Whittington, 1992; Howe et al., 2015). The most striking 

feature in the Sea of the Hebrides is the ‘Muck Deep’, a complex of glacially-

overdeepened troughs, which possibly includes the deepest basin on the British 

continental shelf, located S of the Small Isle of Rum and S and E of the Isle of Muck 

(Figure 5.1). The Muck Deep is an elongated linear basin that is reminiscent in 

shape and morphology to the western coastal fjords (Howe et al., 2012). 

The fjords or ‘sea lochs’ that break-up the Scottish coastline are well known for 

their potential for preserving high resolution sedimentary sequences that record 

palaeoenvironmental changes after the last glaciation (Howe et al., 2010). Although 

such marine archives have the potential to record sub-centennial palaeoclimatic and 

oceanographic changes, few detailed, multiproxy investigations of this period have 

been carried out from the western Scottish shelf (e.g. Austin and Kroon, 1996; 

Graham et al., 1990). Moreover, the depositional environments of continental shelves 

are highly dynamic and exhibit significant facies changes, particularly in response to 

regional deglaciation (Boulton, 1990; Davies et al., 1984). 

In order to improve the temporal resolution of marine records, sites of high 

sediment accumulation rate need to be investigated. The Muck Deep has the 

potential of preserving long detailed sedimentary records of post-glacial 

environmental change that can improve our knowledge of the Lateglacial and 

Holocene period in western Scotland. 

The Lateglacial interval in western Scotland (15–11.7 ka), and more generally 

across northern Britain, was characterised by an unstable climate (e.g. Lowe et al., 
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1999; Ruddiman and McIntyre, 1981), where the transition from glacial to interglacial 

conditions was characterised by a series brief temperature oscillations. This instability 

is well represented in the Greenland ice core record (NGRIP), which was 

demonstrated to be a robust representative of environmental change in the North 

Atlantic region (Lowe et al., 2008; Rasmussen et al., 2008). Paleo-environmental 

reconstruction of the Lateglacial period in western Scotland has been based on an 

integration of legacy terrestrial evidence (Peacock, 1981; Sutherland et al., 1984; 

Tipping, 1991), shelf sediment core records (Austin and Kroon, 1996; Binns et al., 

1974; Graham et al., 1990; Peacock et al., 2012), and fjord stratigraphy and 

sedimentology (Dix and Duck, 2000; Howe et al., 2002; McIntyre et al., 2011; 

Nørgaard-Pedersen et al., 2006; Stoker et al., 2009).  

Along the Hebridean continental margin changes in deglacial surface water 

circulation produced a step-wise decline in temperature, punctuated by cool reversals 

at ca 14 and 13.5 cal ka BP (Kroon et al., 1997), with evidence of cold, low salinity 

water persisting on the shelf until at least 13.5 cal ka BP (Austin and Kroon, 1996), 

and terminating in the severe 1200-yr Younger Dryas Stadial (GS-1). A very rapid 

transition from stadial to full interglacial conditions at the start of the Holocene is 

suggested by studies on Greenland ice cores (Steffensen et al., 2008), but on the 

Hebridean shelf the uppermost part of YD strata are characterised by an interstadial, 

rather than interglacial, benthonic faunal assemblage (Austin and Kroon, 1996; 

Peacock et al., 2012). This “transitional” event may be the benthonic expression of 

cold/warm climatic flickering and alternations of sea-ice cover and influxes of warm 

water on the shelf (Peacock et al., 2012). 

However, key questions remain concerning the nature of glacier fluctuations and 

their association with palaeoenvironmental change in Scotland during this phase of 

climatic instability: (1) when did the ice in western Scotland disappear completely? 

(2) what type of sedimentary deposits were formed during the Lateglacial, and why? 

(3) how did sea level change influence deposition/erosion in the submarine 

environment? In this chapter the most significant changes recorded in the Muck Deep 

deposits of the western Scottish shelf are described and interpreted. Sedimentology, 
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physical properties and benthic foraminiferal stratigraphy from five sediment cores 

are investigated in order to reconstruct the palaeoenvironmental evolution from the 

Lateglacial to the Holocene in relation to the flickering climatic transitions, the 

relative sea level changes, the oceanographic variations and the final decay of the 

BIIS. 
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5.3. Geographical and physiographical settings 
 

The Muck Deep is located west and south of the Isle of Muck (Figure 5.1), in the 

Sea of the Hebrides.  

 
Figure 5.1 - Geographical setting of the study area. The box indicates the position of Figure 5.2. The 

location of BGS boreholes and cores from Murray (2003) mentioned in the text is also provided. 

 
Two main basins can be identified, the first, larger and elongated, W of Muck 

(western Muck Deep) and the second, irregular and shallower, S of Muck. The 

western Muck Deep is ~16 km long and up to 2 km wide (Figure 5.2). On average it 
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is ~150-200 m deep but in its deepest part, which is located at about mid length of 

the trough, it reaches 320 m water depth. Structurally the Muck Deep is developed in 

the Torridonian (Precambrian psammites and pelites) basement, while other major 

troughs in the Sea of the Hebrides are formed in soft Mesozoic sedimentary rocks. 

The E-W orientation indicates that the Muck Deep is probably related to an E-W 

trending jointing system in the Torridonian sediments, observed also in other sea-

lochs and lochs along the west coast of Scotland (BGS, 1987b; Howe et al., 2012). 

The structural geology acted as a control on ice flow pathways over successive 

glaciations, creating this isolated over-deepened basin. The Muck Deep is delimited 

eastwards by the Skerryvore and Camasunary transfer fault, which marks the contact 

between Torridonian sandstones and the bathymetric high (platform) of the Tertiary 

Eigg Lava Formation (Smith, 2012). To the W, the Deep is connected to the SSW-

oriented Sea of Hebrides trough. The southern Muck Deep is an irregular rock basin 

carved into Jurassic sediments (Fyfe et al., 1993). The basin is confined between the 

Eigg Lava high platform, the Fascadale Fault to the E and the Ardnamurchan 

Peninsula to the S (Figure 5.2). This basin is on average 200 m deep but it reaches 

a maximum depth of ~260 m. 

The acoustically layered and gas-prone Jura Formation (see Chapter 3) is the 

most extensive Late Devensian formation in the study area (Fyfe et al., 1993). While 

the Jura Fm. fills most of the glacially scoured depressions, it has only partially filled 

the Muck Deep, with an estimated sediment cover between 40 and 120 m (Fyfe et al., 

1993). Jura Fm. sediments are mainly massive, soft, marine muds and fine sands with 

shell fragments and increasing number of pebbles moving deeper in the sequence. 

Intervals of warm and cold taxa in the fossil assemblage (foraminifera, dinoflagellates 

and bivalves) have made previous researchers assign this formation to the Lateglacial 

and Holocene periods, with the lower part equivalent to the Windermere 

Interstadial/Younger Dryas, and the upper sections belonging to the Holocene 

(Davies et al., 1984; Peacock et al., 2012). 
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Figure 5.2 - Sediment cores and seismic lines location. (V) Extent of the Eigg Lava Formation; (L) 

Lewisian basement. The orange lines define the area of Torridonian basement (after Fyfe et al., 1993; Smith, 

2012). 

 

The shelf region where the Muck Deep is located is characterised by both high-

energy open shelf bathymetry and low energy elongated depressions. It is therefore 

under the influence of mixed current regimes. In general, two different currents affect 

the sedimentation in the area: i) the European Slope Current (ESC), which is a 

continuous current along the slope that has been observed to encroach onto the shelf 

area at approximately 56°N (Inall et al., 2009) and ii) the Scottish Coastal Current 

(SCC), which is a mixture of both Irish and Clyde Sea waters flowing northward 

along the coastline of western Scotland from the North Channel. The SCC is diluted 

by fresh water input from Scottish fjords (Hill et al., 1997; Inall et al., 2009). Of these 

two currents the one that has the strongest effect in the study area is the SCC, as it 

is persistent all year round compared to the ESC which has been shown to intrude 

onto the shelf area only in the winter months (Inall et al., 2009). Unfortunately, no 

exact current speed estimates for the study area have been published to date 

(Andrew Dale pers. comm. January). Tidal action is also very strong in the region, 
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with M2 and M4 bottom stress <20 Pa, and maximum current speed during mean 

spring tide of 51.4 cm/s (Murray, 2004). 
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5.4. Materials and methods 
 

5.4.1. Core data 
 

Three piston cores (+56-07/729PC, +56-07/730PC, +56-07/731PC, hereafter referred 

to as 729, 730 and 731) and two vibrocores (+56-07/726VE, +56-07/728VE, hereafter 

referred to as 726, 728), were collected respectively in 2011 and 2007 on board the 

RRS James Cook, and were analysed in order to investigate the sedimentological 

composition of the Muck Deep and reconstruct its palaeoenvironmental history. The 

location, length and water depth of the cores is provided in Table 5.1. 

Table 5-1 - Key core location data 

Core ID Type Latitude (N) Longitude (W) Water depth (m) Recovery (m) 

+56-07/726VE Vibrocore 56º 47.419’ 6º 13.638’ 198 5.26 

+56-07/728VE Vibrocore 56º 49.153’ 6º 28.754’ 185 4.16 

+56-07/729PC Piston core 56° 47.43’ 6° 14.22’ 200 8.95 

+56-07/730PC Piston core 56° 48.66’ 6° 30.942’ 313 7.66 

+56-07/731PC Piston core 56° 48.888’ 6° 40.548’ 171 5.56 

 
Observations and measurements on lithology, grain size, sedimentary structures 

and sediment physical properties were recorded in order to study the evolution of the 

depositional environments. Particle size analyses (PSA) were performed on cores 729, 

730 and 731 via laser granulometry using a Coulter LS230 Laser Diffractometer at 

SAMS on bulk sediment samples (fraction <1 mm) collected from cores at ~10 cm 

intervals. Sediment physical properties were measured on board of the James Cook 

using a GEOTEK multi-sensor core logger, in this study P-wave velocity, gamma 

density and magnetic susceptibility are presented. Anomalously high or low 

measurements (e.g. large clasts or core section voids) were eliminated to enhance the 

comparability between cores. Shear stress was measured with a TORVANE from core 

centres in areas that allowed shear vane penetration without clast contact. One 

measurement was made for each core section. 

Bivalve taxonomy was mainly based on the marine bivalve database provided 

at: http://naturalhistory.museumwales.ac.uk/BritishBivalves.  
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Foraminiferal assemblages were analysed in cores 729, 730 and 731PC for 26 

sediment subsamples at intervals of interest. Sediment samples of approximately 4 cc 

volume were weighed, freeze-dried and sieved at 63 µm and 125 µm. The dry weight 

of the > 63 µm fraction was used to calculate foraminiferal abundances (i.e. numbers 

of tests/g dry bulk sediment). Foraminifera < 125 µm were not counted and recent 

comparative studies show that, at least for some samples, the constituents of the 63 

> < 125 µm fraction identify ecological controls that are similar to the > 125 µm 

fraction (Bouchet et al., 2012). Planktonic foraminifera were very rare. A number of 

species diversity statistical indices were calculated on the benthic counts using the 

paleontological software PAST 3.14 (Hammer et al., 2001) on samples with more 

than 200 tests (cf. Thomas et al. 1995; Jennings et al. 2014). The C2 program 

(Juggins, 2007) was used to plot the benthic species. Sources of taxonomic data 

include Austin (1991), Murray (2003) and (1979).  

Table 5-2 - AMS 14C dates, errors are given at 1σ. *Beta Analytic laboratory; †Queen’s University Belfast 

Laboratory 
code 

Core 
ID 

Dept
h (m) 

Dated 
material 

14C  age  
(yr BP) 

Cal. age (cal 
yr BP) 

Corr. age 
(405 yrs) 

Corr. age 
(700 yrs) 

22595* 726VE 1.35 T. communis 1422 ± 30 960 ± 38 593 ± 43  
22596* 726VE 4.2 T. communis 6432 ± 30 6915 ± 67 6445 ± 64  

UBA-33723† 729PC 4.02 A. islandica 10276 ± 47 11255 ± 61 10808 ± 107  
UBA-33724† 729PC 5.49 N. pernula 10793 ± 45  12279 ± 128 11446 ± 155  
UBA-25150† 729PC 6.48 A. islandica 10844 ± 45 12370 ± 116 11543 ± 166 11150± 60 
UBA-25151† 730PC 1.33 T. decussatus 1916 ± 32 1468 ± 38 1065 ± 68  
UBA-25152† 730PC 5.49 O. edulis 9164 ± 42 9951 ± 122 9437 ± 55  
UBA-25153† 730PC 7.66 N. sulcata? 10075 ± 55 11090 ± 73 10569 ± 86  
UBA-25155† 731PC 0.53 Echinoid frag. 3733 ± 30 3650 ± 49 3175 ± 78  

 

Nine 14C accelerator mass spectrometry (AMS) radiocarbon dates were obtained 

from four cores in order to constrain chronologically the different bio-

lithostratigraphic units. The details are provided in Table 5.2. 

 

 

5.4.2. Multibeam and sub-bottom profiling data 

 
The swath bathymetric data was acquired for the Maritime & Coastguard Agency's 

(MCA) Civil Hydrography Programme (CHP), the study area incorporates 

Hydrographic Instruction survey areas: 1257, 1297, 1298 and 1299. The high 

resolution NEXTMap terrestrial topography data derived from Intermap 
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Technologies was provided by the British Geological Survey (BGS). Scanned images 

of single-channel seismic data, either 3.5 kHz pinger lines or poor quality sparker 

lines, were analysed in order to investigate the sedimentary architecture in the Muck 

Deep. Seismic data were collected in the study area by the British Geological Survey 

in 1968 and 1985. For the 1968, surveys were carried out using a Decca Main Chain 

navigation system and shallow seismics were collected using a 2500 J Sparker. The 

summer 1985 surveys were collected using a 7 kW/3.5 kHz Pinger system with an 

EPC3200 recorder and a 1000 J Sparker with Teledyne hydrophone and EPC4600 

recorder. The cruise relied solely on a Decca Main Chain system for navigation. The 

methodology applied for geomorphological mapping (production of hillshade rasters, 

shapefile editing etc.) and seismic profile interpretation is the same as in Chapter 3. 
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5.5. Results 
 

5.5.1. Geomorphology and stratigraphy 

 

The Muck Deep bathymetry is generally significantly smooth when compared to the 

rough topography of the flanking bedrock platforms, due to the presence of 

postglacial hemipelagic sediments covering most of the trough (Figure 5.3). 

Nevertheless several geomorphological features can be observed on MBES data. 

Starting from the western Muck Deep and moving eastwards, the first section of the 

western Muck Deep (“outer” Muck Deep) gently slopes from about 160 m depth to a 

confined basin at about 240 m. In this area the bathymetry is slightly rougher with 

isolated irregular knobs and faint closely-spaced linear features about ~2 m high and 

130 m long (Figure 3a) perpendicular to the fjord’s axis. On seismic records these 

sediments form acoustically transparent seismostratigraphic units, with medium-high 

acoustic energy and sharp upper reflectors, which are clearly distinct from the 

overlying postglacial deposits (Figure 5.4, see Table 5.3).The basin is partly 

covered to the N by a sediment fan about 3.3 km long, 2 km wide and approximately 

up to 80 m-thick (taking -240 m as bottom reference). The fan descends from the 

northern flank of the trough, where a secondary infilled trough directed NNE-SSW 

intersects the Deep. The boundary between outer and inner Muck Deep is marked by 

a rise in bathymetry (from -240 to -200) that produces a mound-like feature (Figure 

5.3b). The mound is well-developed in the S but slopes down in the N and is covered 

by a smooth ridge of postglacial sediment. The topography of the mound is variable, 

with several irregular linear features oriented perpendicular to the trough axis 

(Figure 3b). The most prominent of these features is 300 m long, ~50 m wide, 10 m 

high, with roughly symmetrical flanks. East of the mound, after approximately 1 km, 

the “inner” Muck Deep reaches its deepest point, around -320 m. 
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Figure 5.3- Geomorphology of the western Muck Deep
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Several partially-infilled tributary linear troughs join the Deep from the 

northern and southern flank. These tributaries are oriented roughly N-S and present 

a slightly sinuous shape (Figure 5.3c). Apart from its deepest section, the inner 

trough is covered by a thick sequence of Jura Fm. sandy muds saturated by natural 

gas (Figure 5.5), which hinders the calculation of total sediment cover (the profile 

in Figure 5.3 provides an estimation based on Fyfe et al. (1993). The seabed in this 

area is characterised by two sizeable (up ~2 km long and 250 m wide) W-E directed 

comet-shaped scours related to rocky knolls and a 40 m-deep , ~130 m wide moat 

adjacent to the eastern flank of the basin. 

 
Figure 5.4 - Seismic lines in the western Muck Deep, outer basin. The location of the lines is provided in 

Figure 3a 
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Figure 5.5 - Seismic line (pinger above, sparker below) in the western Muck Deep, inner basin. The location is provided in Figure 5.2 and 5.3c
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The western and southern Muck Deep are separated by the Eigg Lava Fm. 

plateau, a ~8 km wide rock platform with jagged topography and consistent depth 

(about -40-50 m). A prominent linear feature, distinct from the rough rock surface 

and close to the eastern border of the platform, has been interpreted in the past as an 

intrusive body (possibly the Sgurr of Eigg pitchstone Fm., cf. Smith 2012) (Figure 

5.6).  

 
Figure 5.6 - Geomorphology and stratigraphy of the southern Muck Deep 
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The southern Muck Deep is only partly infilled by Quaternary sediment, 

resulting in a rough topography characterised by outcropping Jurassic beds and 

Tertiary linear intrusions. Several arcuate ~200 m long and 20 m deep moats are 

observed in the soft sediment (core 729 was sampled in one of these moats, Figure 

5.6). Numerous curved scours associated with sand ridges are observed in the area 

and are oriented towards the NNE.  

 
Table 5-3 - Seismic unit classification in the Muck Deep 

Western Muck Deep 
Southern Muck 

Deep 

Small Isles region 
(Davies et al. 1984 after 

Boulton et al. 1981) 

  

  

  

WBSU4: acoustically transparent, 
thin and with a sharp upper reflector 

with fine echo corresponding to 
seabed. It is separated by lower 

units by an erosional unconformity 
(Fig. 5.5) 

SBSU2: acoustically 
transparent and ~10-15 
m thick. It is the topmost 
seismic unit observed, it 
occupies small basins or 

forms positive reliefs 
(Fig. 5.6) 

Sleat Mb.: acoustically 
transparent and poorly 

developed. It is separated 
from the Arisaig Mb. by an 

erosional unconformity  

J
u
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o
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a
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WBSU3: acoustically transparent. 
Maximum thickness unknown due 
to acoustic blanking, sharp upper 

reflector coincides with seabed (Fig. 
5.4).  

Arisaig Mb.: acoustically 
transparent . Maximum 

thickness unknown due to 
acoustic blanking. It infills 

throughs and hollows. 

WBSU2: well bedded, high 
amplitude internal reflectors, closely 
spaced and parallel. Max thickness 
in excess of 45 m (Fig. 5.6). Switch 

from draping to ponding and 
clinoforms (Fig. 5.4) are observed. 

SBSU1: acoustically 
transparent, and with 

medium tone. Top 
reflector is sharp and 

continuous, with one or 
two fine echoes. It is 
only ~5 m thick (Fig. 

5.6) 

Rhum Mb.: extremely well 
bedded, confined to a 

horizon of about 15 m thick. 

Muck Mb.: unit virtually 
transparent, albeit shows 

indication of beddings in few 
occasions. 

WBSU1: acoustically transparent 
but with high tone. Top reflector is 
sharp and continuous, distinct from 

the prolonged fuzzy echo 
corresponding to bedrock (Fig. 5.5) 

Minch Formation 
(till) 

  

  

 
As mentioned before, the seismic stratigraphy of the thick accumulations of 

Pleistocene sediments in the main Muck Deep trough is affected by gas blanking. 

Nevertheless, in several peripheral locations it is possible to distinguish different 

seismic units on the basis of internal character and geometry. Excluding bedrock, in 
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the western basin four seismic units (Western Basin Seismic Unit – WBSU and 

Southern Basin Seismic Unit – SBSU) have been identified, while in the southern 

basin the units are only two. On the previous page, in Table 5.3, the units are listed 

together with their internal character, extent and boundary type (based mainly on 

Pinger data). For comparison purposes, the third column shows the classification for 

the Sea of Hebrides suggested by Davies et al., (1984) already presented in Chapter 3. 

 

Geomorphology and stratigraphy – interpretation 

The linear, slightly arcuate features observed along the Muck Deep are identified as 

moraines related to the grounded tidewater margin of the post-LGM western Scottish 

ice sheet retreating across the Deep (Figure 5.3a, b)(Dowdeswell and Vásquez 

2013). Although the closely spaced ridges in the outer Muck Deep are too faint to be 

unequivocally identified, they correspond to a seismic facies that this author has 

previously assigned to subglacial or ice-contact settings (Unit II-III, see Chapter 3). It 

is therefore likely that these features are the remnants of (De Geer?) moraines 

charting the step-wise retreat of the glacial front (Audsley et al., 2016; Dove et al., 

2015). Retreat through the inner basin appears to have been correspondingly slow, 

with the large ridges described indicating stillstands or even brief re-advances. The 

position and morphology of the large mound separating inner and outer Muck Deep is 

consistent with a fjord sill. This sill appears to have contributed to a stillstand of the 

glacial margin, as the largest moraine in the study area occurs on it (Figure 5.3b). 

However, the absence of sub-bottom information prevents an unequivocal 

interpretation of this mound. Postglacial current activity has affected the sediment 

distribution in the Muck Deep, producing a thick deposit in the eastern inner basin 

but leaving the area immediately E of the sill almost completely starved. This 

asymmetrical deposition is indicative of complex current interactions with the deep 

elongated basin morphology, and might indicate water mass stratification and E-W 

water oscillation in the deepest part of the Muck Deep (Andrew Dale, pers. comm. 

January 2017). Strong E-W bottom current action and erosion at the seabed is 

advocated by the presence and direction of the large obstacle comet-shaped scours 
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(Werner et al., 1980). Although to date there are no published studies on bottom 

current velocities from this area, an estimation can be made from the bedform-

velocity matrix constructed by Stow et al. (2009), where obstacle scours in sandy 

substrates indicate current speeds in excess of 0.2 m/s.  

The stratigraphy of the two Muck Deeps in part corresponds to the subdivision 

proposed by Davies et al. (1984). On the basis of seismic properties and geometry, 

the correlation between seismic units in this study and Davies’ classification is 

proposed in Figure 5.7 below. 

 
Figure 5.7 - Seismic stratigraphy of the study area compared to previous studies 

 

WBSU4 is interpreted as the Sleat Mb., coarse sediment under the influence of 

modern currents characterised by a sharp lower boundary truncating older units. This 

unit probably formed under similar conditions to the Lorne Fm. in the Firth of Lorn.  

WBSU3 represents instead the acoustically transparent Arisaig Mb., distal 

glacimarine to hemipelagic deposits possibly belonging to the latest part of the YD 

(Davies, 1984). 

SBSU2 is more difficult to allocate as its relationship (erosional or conformable) 

to lower units is not clear. However its thickness and absence of clear scours suggests 

that it is probably part of the Arisaig Mb. 

The regularly bedded WBSU2 is equivalent to the Rhum Mb. firstly identified 

by Boulton et al. (1981), and originally named “Muck Fm.”. This member is 



Chapter V: Palaeoenvironmental change inferred from marine sediments in the Muck Deep 

 

184 
 

considered to represent a distal glacimarine environment, although the correlation 

between seismic and litho-stratigraphy is unclear. 

WBSU1 is interpreted as the Minch Fm., a basal patchy “till-like diamicton” 

(sic. Davies, 1984) observed previously in the area. This unit corresponds to the 

irregular seabed observed on the MBES data. The high acoustic energy of SBSU1 and 

presence of repeated parallel top reflectors is indicative of either the Rhum Mb. or 

Minch Fm. The absence of bedding would suggest it is part of the Minch Fm, 

however core data in the locality is more indicative of the Rhum Mb (see Discussion). 

The Muck Mb. was not identified in the study area. Notably, the subdivision 

proposed in this study is more similar to the original observations made by Boulton 

et al. (1981), where a tripartite (Minch-Muck-Arisaig) seismic architecture was 

proposed. Nevertheless, in his detailed study, Davies (1984) has emphasised the 

impossibility of defining an integrated seismic stratigraphy for the whole Jura Fm., 

which is extremely variable depending on the geographic and depositional settings. 

The differences detected with the Muck Deep are therefore ascribed to changing 

bottom current regimes, sediment supply and accommodation space during the 

Lateglacial and Holocene. 
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5.5.2. Core analyses 
 

In the next section each core is described separately in terms of its sedimentology and 

micropaleontology. Nine core units (Muck Core Unit, MCU) are defined and labelled 

from 1 to 9, according to order of description (which is roughly equivalent to 

chronological order, from youngest to oldest). Following the descriptions, each unit is 

interpreted separately. A summary of the MCUs is shown in Table 5.4. 

 
Table 5-4 – Summary of the Muck Core Units described 

ID Lithofacies Core Foraminifera Interpretation 

MCU 1 
Sm, Fm, Guf, 

Gms 
all 

M. barleanus, 
Textularia spp., C. 

lobatulus, G. praegeri 

Modern biogenic-rich 
deposits, grain-size 
dependent on local 

current energy 

MCU 2 Sm, Fm 
726, 
729 

E. clavatum, M. 
barleanus, M. 
subrotunda, C. 

lobatulus 

Mid-Holocene 
biogenic-rich mud 

deposits 

MCU 3 Fm, Suf 729 
E. albiumbilicatum, E. 
clavatum, C. lobatulus 

Early Holocene 
quartzitic sands 

MCU 4 Suf[d] 729 
E. albiumbilicatum, E. 

clavatum, N. orbiculare 

Younger Dryas 
quartzitic sands 

influenced by ice-distal 
IRD 

MCU 5 Fl 730 
E. clavatum, M. 
subrotunda, G. 

praegeri, C. lobatulus 

Deep basinal euxinic 
deposition 

MCU 6 Sm[d] 730 
E. clavatum, N. 

orbiculare, G. praegeri, 
C. lobatulus 

Mass wasting deposit 

MCU 7 Fv, Fvl[d] 731 
H. balthica, M. 

barleanus, Textularia 
spp., C. lobatulus 

Outer shelf mud 
indicating ameliorating 

climatic conditions 

MCU 8 Fvl[d] 731 
E. clavatum, C. 

reniforme 
Glacial proximal 

environment 

MCU 9 Dmm 731 
E. clavatum, C. 
reniforme, N. 
labradorica 

Subglacial/glacial-
contact environment 
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Figure 5.8 - Legend for sediment core logs 

 

5.5.2.1. Lithostratigraphy 

 
Cores 726 and 729 – southern Muck Deep (Figures 5.9 and 5.10) 

726VE – The first section of the core (0 to 4.4 m, MCU 1) is composed of dark 

greyish brown homogenous muddy sands (2.5Y 4/2), with a mean grain size from 137 

to 230 µm and a sand content of 59 to 80 %. Most of the coarse fraction is composed 

of biogenic debris, and abundant bivalve and gastropod shells (Turritella communis) 

are observed throughout the length of the core. Gamma densities progressively 

increase from 1.75 to 1.95 g/cc at core base. The MS values decline from ~45 SI at 

the top to a minimum of ~25 SI at 3.5 m and rise sharply again up to ~80 SI at 4.4 

m, where a lithological transition to dark brown (2.5Y 5/2) homogenous muddy sand 

is observed. This second unit (MCU 2) occupies the bottom 80 cm of the core, has a 

lower mean grain size of 100 µm, and a higher percentage of mud (~52%). In this 

lithofacies MS values decrease after the peak at transition back to ~45. Comminuted 

biogenic fragments and foraminifera are still abundant. Two Turritellae from this 

lithofacies were dated yielding an age of 593 ± 43 cal yr BP at 1.35 m and 6445 ± 64 

cal yr BP at 4.2 m, 20 cm above the transition. 
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Figure 5.9 - Stratigraphic information for core 726 and 728 (refer to legend in Figure 5.8)
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729PC - The first unit (MCU 1) extends up to 1.57 m downcore and consists of 

unconsolidated olive brown (2.5Y 4/3) muddy sands, with a mean grain size of 225 

µm and sand fraction ~80 %. MCU 1 is massive, bioturbated and water-laden. The 

sands are rich in biogenic detritus, especially comminuted bivalve shells. The MS 

values decrease from ~40 SI at the top to a minimum of ~30 SI at 1 m and then rise 

again to a peak (~40 SI) at 1.57 m, at the contact with MCU 2. The contact is 

transitional and characterised by very shelly sands, with fragments of bivalves and 

entire and large Turritella communis.  

The second unit (MCU 2) is 2.66 m long and is made up of inversely graded, 

soft muddy sands (mean grain size ~150 µm, sand fraction ~40 %), becoming sandier 

at the base. After the transition peak, the MS values decrease to ~20 SI at 2.3 m, and 

then rise again to ~45 SI for the rest of the lithofacies. MCU 2 is rich in biogenic 

debris –bryozoans (two species at 3.8 m, Crisia sp. ~80%, and Tricellaria ternata 

20%), ostracods, foraminifera and bivalve fragments (juvenile Abra alba, Mysella 

bidentata and few Arctica islandica have been identified) which constitute more than 

70% of the > 125 µm material. The texture is massive, apart from traces of 

bioturbation the top metre. An unpaired Arctica islandica valve at 4.02 m yielded an 

age for this unit of 10808 ± 107 cal yr BP. A sharp and convoluted boundary 

(Figure 5.11) at 4.23 m separates MCU 2 from relatively firmer (15 kPa) lower 

MCU 3, composed of upward-fining, well-sorted thixotropic sandy muds (mean grain 

size ~100 µm, sand fraction ~45 %, mainly sub-angular quartz) with discrete sandy 

laminae. Shell detritus is reduced to <15% and few fragments are observed along 

with two complete bivalve shells (Nuculana pernula). One of these shells from 5.49 m 

depth, was interpreted as in growth position due to its surprising integrity despite its 

fragility, and was dated at 11446 ± 155 cal yr BP. Thick, poorly defined ramifying 

burrows are extremely common in this unit and are generally infilled with silty clay, 

contrasting with the surrounding sandier matrix. 
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Figure 5.10 - Stratigraphic information for core 729 (refer to legend in Figure 5.8) 
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Greigite clasts and black monosulphide streaks and laminae begin to appear from 

5.94 m, permeating the rest of the sediment record. At 6.5 m a partial bivalve shell 

(Arctica Islandica) was collected and dated, providing a maximum age for these 

sediments of 11543 ± 166 cal yr BP. 

 
Figure 5.11 - Photos of core 729 

 

The last unit (MCU 4) extends from 6.96 m to the bottom of the core (7.94 m). 

The boundary with MCU 3 is defined by a 4 cm-thick black muddy bed. MCU 4 

comprises  a second succession of inversely graded, highly bioturbated, olive (5Y 4/2) 

quartzitic muddy sands, distinguished from the overlying MCU 3 by its relative 

softness (~5-10 kPa) and the presence of occasional outsized clasts, up to 4 cm in 

length. They are predominantly volcanics (extrusive, microcrystalline) but white 

quartz pebbles are also present. The mottles and bands of greigite/sulphides decrease 

in number and occurrence towards the bottom but unidentified comminuted shells are 

still observed. 
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Cores 728 and 730 – inner Muck Deep (Figure 5.9 and 5.12) 

728VE - The core consists of ~4.16 m of olive-grey (5Y 4/2) massive sandy mud, 

with a mean grain size oscillating between 57 and 103 µm, and dominance (54%) of 

the sandy fraction (MCU 1). Apart from occasional bioturbation, no major structures 

were observed in the core. The MS values decline from ~40 to 20 SI at mid core (2 

m) and then plateau at ~10 SI from 3 m to core bottom. The decrease in MS is 

mirrored by an increase in gamma densities, from 1.65 to 1.85 g/cc at the bottom. 

The sediment fraction > 150 µm is dominated by biogenic debris, with abundant 

foraminifera, ostracods, scaphopods and comminuted shell fragments. 

730PC – The uppermost 25 cm of the core consists of unconsolidated and 

bioturbated muddy sand, grading into a ~3.8 m thick, lithofacies of more compacted, 

but still soft, olive grey (5Y 4/3) sandy mud (>60 % silt and clay) that is 

homogeneous, well-sorted and has an average grain size between 80-85 µm (MCU 1). 

The occurrence of sandy horizons is clearly recorded as peaks in the grain-size 

distribution curve. The material becomes progressively firmer downcore (from 10 to 

20 kPa), and several greigite/sulphidic lenses and pods are also present. Bivalve and 

echinoid fragments and biogenic material (foraminifera, ostracods) are abundant 

throughout the unit; at 1.33 m an unpaired bivalve (Tapes sp., possibly decussatus), 

was dated and yielded an age of 1065 ± 68 cal yr BP. The MS record shows an initial 

progressive drop from 50 at the top of the core to ~20 at 1.5 m, then remains 

constant until ~4.1 m, where it suddenly  increases to 60. From 4.1 m depth a slight 

increase in mean grain size (~112 µm), higher MS values (~60-75 SI) and increase in 

shell fragments suggest the transition to a different lithofacies. 
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Figure 5.12 - Stratigraphic information for core 730 (refer to legend in Figure 5.8) 



Chapter V: Palaeoenvironmental change inferred from marine sediments in the Muck Deep 

 

193 
 

This lithofacies extends from 4.1 to 5.52 m, and a good portion of the record is 

occupied by pods and layers of fragmented shells (bivalves and echinoids), sand and 

gravel (Figure 5.13).  

 
Figure 5.13 - Photos of core 730 

 

Between 5.18 and 5.52 m depth the sediment develops a brownish hue (2.5Y 

4/2), and at 5.49 m a dated Ostrea edulis valve provided an age of 9437 ± 55 cal yr 

BP. Other biogenic material is dominated by bivalve Nucula sulcata, Atrina fragilis? 

and gastropod Odostomia sp.?. A 4 cm pod of gravel mixed with numerous bivalve 

and scaphopods shells (Dentalium entalis?) at 5.6 m defines the start of a transition 
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to a new unit. This transition layer is ~30 cm thick, with abundant gravel, and even 

an angular cobble (5 cm long) of arkosic sandstone at 5.80 cm.  

Shell fragments and gravel pods progressively diminish until they completely 

disappear. The following unit (MCU 5) starts approximately at 5.93 m and consists 

of firm, olive grey (5Y 5/2) silt (~40 µm average grain size, 55 % silt 25 % clay and 

20 % v. fine sand) with scattered biogenic debris (dominated by the bivalve Nucula 

sp.). The silt becomes progressively firmer (up to 25 kPa), and is cross-cut sub-

horizontally by occasional oxidised laminae (Figure 5.12). At 7.28 m the sediments 

become poorly sorted, dark greyish brown (2.5Y 4/2), fining-upwards sandy muds 

with very coarse (up to 5 cm) pebbles (mainly arkosic sandstone, quartz and basalt), 

bivalve fragments (assemblage of abundant Yoldiella sp., N. pernula, Hiatella sp., P. 

arctica, A. islandica and Odostomia sp.?) and oxydized greigite pods (MCU 6). Fine 

stringers of sand are also observed.  A single valve of Nucula sp. from the base of the 

core at 7.56 m dated 10569 ± 86 cal yr BP. 

Core 731PC – outer Muck Deep (Figure 5.14) 

An initial 34 cm-thick lithofacies of olive grey (5Y 3/2), fining-upward, poorly-sorted, 

sandy mud, grades downwards into a poorly-sorted gravelly and shelly (mainly 

bivalves) lag with sandy mud matrix and a sharp lower boundary (MCU 1). After the 

boundary (dated on echinoid fragments at 3175 ± 78 cal yr BP, 19 cm under 

boundary) the lithology changes into dark grey (10YR 4/1) layers of firm muds 

interbedded with 22 bands ~3 cm thick of reddish (5YR 4/3), massive mud (sand 

present only <=10 %) (MCU 7). Bivalves are scarce but still present, with Yoldiella 

solidula, Timoclea sp., Abra sp. and Arctica islandica identified. At ~90 cm there is 

the appearance of the first sandy lamina (~1 cm thick) with wavy sharp boundaries. 

From 0.94 to 1.42 cm the sediment becomes a massive dark grey clayey silt 10YR 4/1 

with horizontal discrete sandy laminae about ~0.5 cm thick occurring at intervals of 

ca. 15 cm. 
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Figure 5.14 - Stratigraphic information for core 730 (refer to legend in Figure 5.8) 
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A few scattered small bivalve fragments are observed together with an outsized 

basaltic clast and monosulphide streaks. The lower boundary of MCU 7 is wavy and 

oxidized, with a pod of sand and fine pebbles sitting on top of it. MCU 8 extends 

from 1.42 to 3.16 m: it is firstly a succession of alternating  reddish brown silty clays 

(5YR 4/3) and olive grey clayey silt 5Y 4/2, horizontal and sub-parallel. This 

succession is cross-cut by discrete sub-horizontal sandy (medium to very fine) 

laminae. The first two laminae present a hard “crusty” material that is strongly 

oxidised. In the first ~65 cm the laminae vary in thickness (from almost 0.2 to 1 cm) 

and increase in frequency towards the bottom. They have a dip of ~10 degrees with 

sharp lower, and either gradational or sharp upper, boundaries when cross-cutting 

massive bands of reddish brown (5YR 4/2) clay (Figure 5.15). About 20 groups of 

fining-upward laminae and two main sequences of were counted. From ~2 m, outsized 

pebbles of medium to coarse-grained arkosic sandstone and basalt and sand pods are 

observed. The laminae are draped onto the outsized clasts. Between 2.35 and 2.55 m 

the lamination is oblique, dipping at approx. ~25 degrees. At 2.55 m there is a switch 

back to horizontal lamination. 

The material then becomes progressively firmer (from 10 to 15 kPa). A second 

sequence of dark olive grey (5Y 4/2) graded sands with sharp and wavy lower 

boundaries and either gradational or sharp upper boundaries is observed; the sands 

alternate with massive bands of reddish brown (5YR 4/2) clay (about 45 sandy strata 

in this 60 cm sequence). The sandy layers are mm-thick; they are internally graded 

from coarse/fine sands at the sharp bottom (lying on clay) to fine silts. From 2.65 to 

2.95 m the sandy laminae are on average 1-2 mm-thick, but then increase in thickness 

(up to 7 mm) and disappear at ~3.16 m. The last unit of the core (MCU 9) occupies 

the final ~ 2 m and consists of a firmer (up to 20 kPa), massive and very cohesive 

sequence of dark greyish brown (10YR 4/2) diamicton (matrix clayey silt, up to 20 % 

sand) with several scattered cm-sized, outsized clasts and a sandy pods (the clasts are 

up to ~4 cm length, generally volcanic origin, basalts and intrusives). Bivalve shells 

are not observed in MCU 8 and MCU 9, apart from a very fine unpaired and abraded 

valve of Yoldiella sp. (possibly solidula) sampled at ~4.5 m. 
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Figure 5.15 - Photos of core 730 

 

5.5.2.2. Micropaleontology 

 
Foraminifera are present in all the described units of cores 729, 730 and 731 and a 

total of 70 different taxa were identified. Benthic foraminifera diversity indices are 

presented in Table 5.5 and general assemblages are shown alongside the core logs 

(Figures 5.10, 5.12 and 5.14).  

 

The richest populations are encountered at the top of core 731 (MCU 7, 43 taxa) and 

in the lowermost section of core 730 (average 32 taxa). Richness in core 729 varies 

from a maximum of 33 to 22 species, but the lowest values are found in core 731 

below MCU 7, where richness decreases down to a minimum of 11 species. The 

lowermost section of core 731 (MCU 8 and 9) presents the highest dominance (D) 

and lowest Fisher’s α (Fα) values of the three cores, ~0.3 and ~4.5 respectively. 
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Table 5-5 - Benthic foraminifera diversity indices. “in” stands for insufficient and refers to samples with 

number of tests <200. In these case the calculated diversity indices is statistically unreliable 

 

 
These figures change rapidly to <0.1 (D) and up to 9.96 (Fα) in MCU 7, 

indicating an increased diversity. Together with diversity, foraminifera productivity 

also increases in MCU 7, where an average of 681 tests/g are found compared to a 

low of 163 tests/g in MCU 8. In core 729 productivity increases from 140 tests/g in 

MCU 3 to 1400 tests/g in MCU 2. Fα increases from ~6 at the base of the core to 

9.46 before the boundary between MCU 3 and 2. It then decreases to 6.48 in the 

lower sample of MCU 2, before increasing up to 10.7 in the upper section. Dominance 

values show the same fluctuation. A similar pattern of increases in Fα and D at a 

731PC

DEPTH (cm) 40 80 120 161 201 244 284 324 364 404 444 484

TOTAL BENTHIC 738 294 56 357 87 38 60 353 501 472 465 714

TOTAL PLANKTONICS 22 11 1 3 1 2 2 2 1 5

Taxa No 43 25 13 20 16 11 13 20 20 20 17 21

Tests/g 958 1131 311 325 193 35 150 297 128 159 76 267

Dominance_D 0.08 0.09 in 0.31 in in in 0.24 0.27 0.31 0.35 0.31

Simpson_1-D 0.92 0.91 in 0.69 in in in 0.76 0.73 0.69 0.65 0.69

Shannon_H 2.91 2.65 in 1.67 in in in 1.79 1.69 1.63 1.51 1.56

Evenness_e^H/S 0.43 0.57 in 0.26 in in in 0.30 0.27 0.25 0.27 0.23

Fisher's α 9.96 6.53 in 4.58 in in in 4.59 4.17 4.24 3.47 4.06

730PC

DEPTH (cm) 380 430 573 613 693 739

TOTAL BENTHIC 319 326 300 300 300 324

TOTAL PLANKTONICS 42 27 1 9 2

Taxa No 32 34 31 36 28 35

Tests/g 1139 582 172 638 91

Dominance_D 0.08 0.10 0.11 0.10 0.14 0.10

Simpson_1-D 0.92 0.90 0.89 0.90 0.86 0.90

Shannon_H 2.86 2.77 2.57 2.78 2.41 2.73

Evenness_e^H/S 0.54 0.47 0.42 0.45 0.40 0.44

Fisher's α 8.86 9.55 8.68 10.68 7.55 9.97

729PC

DEPTH (cm) 190 381 403 443 563 683 763 843

TOTAL BENTHIC 300 300 300 300 300 300 300 300

TOTAL PLANKTONICS 1 2 2 2

Taxa No 36 27 25 33 29 22 24 24

Tests/g 1154 1429 141

Dominance_D 0.08 0.10 0.14 0.12 0.16 0.17 0.14 0.17

Simpson_1-D 0.92 0.90 0.86 0.88 0.84 0.83 0.86 0.83

Shannon_H 2.87 2.62 2.43 2.66 2.33 2.25 2.33 2.25

Evenness_e^H/S 0.49 0.51 0.45 0.43 0.35 0.43 0.43 0.40

Fisher's α 10.68 7.19 6.48 9.46 7.92 5.47 6.14 6.14
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unit boundary is observed in core 730, where Fα rises to 10.7 at the MCU 5-MCU 1 

transition, and then decreases to 8.68 in the lower part of MCU 1.  

729PC – Two main foraminifera assemblages have been sampled in this core, albeit 

with some degree of internal variation. The first assemblage includes the bottom two 

units of the core (MCU 3 and MCU 4) and presents a characteristic population 

dominated by Elphidium excavatum forma clavata (henceforth referred to in the short 

form “Elphidium clavatum”) (Feyling-Hanssen, 1972) and Elphidium albiumbilicatum 

roughly in similar proportions. E. clavatum is a highly opportunistic species that 

adopts both epifaunal and infaunal modes of life in order to survive in proximity to 

glacier-water interfaces, where variable salinity, low water temperatures (<1 °C), sea 

ice cover and often high sedimentation rates create a harsh living environment (Hald 

and Korsun, 1997; Knudsen and Austin, 1995; Murray, 2004; Polyak et al., 2002). 

Cibicides lobatulus is the most frequent accessory species, often >10%. C. lobatulus is 

an epifaunal species that prefers firm substrates or sand, in generally high energy 

environments that experience sediment winnowing (Altenbach et al., 1999; Schönfeld, 

2002). Cold water taxa as Cassidulina reniforme (Nørvang 1945) and Nonion 

orbiculare are also common in MCU 4. Close to the boundary with MCU 2 E. 

albiumbilicatum decreases considerably in number from ~25-30% to 10%, and C. 

reniforme is replaced by C. obtusa. MCU 2 was sampled firstly at 4.03 m, ~20 cm 

above the boundary, and shows a very different assemblage. E. clavatum is still 

dominant but C. lobatulus, Gavelinopsis praegeri and Trochammina sp. are the 

associated species. E. albiumbilicatum makes up only the 4% of the total. From 3.8 m 

Milioloideae increase in number and species (M. subrotunda, Q. seminulum, 

Triloculinella sp.). The abundance of broken or partial tests suggests reworking or 

simply breakage of the fragile shells during the sieving process. 

730PC – MCU 1 was sampled at 3.8, 4.3 and 5.73 m, close to the boundary with 

MCU 5, and yielded an assemblage similar to the top of core 731. The boreal taxa 

Melonis barleanus, Bulimina marginata and agglutinating taxa Textularia spp., are 

the most frequent together with C. lobatulus. MCU 5 presents a distinct assemblage; 
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B. marginata and M. barleanus disappear after 6.13 m leaving a population of large 

tests of Milioloideae (M. subrotunda and Q. seminulum, the first increase in size from 

6.13 m to 6.93 m), G. praegeri and growing numbers of E. clavatum. C. lobatulus are 

also common (up to 11%). The lowest poorly sorted sandy muds (MCU 6) present a 

slightly distinct foraminifera population: C. lobatulus, G. praegeri and E. clavatum 

are the main species, with a decreased number of Milioloideae and the appearance of 

cold water taxa as N. orbiculare and C. reniforme  but also the warm species 

Ammonia beccarii.  

731PC – MCU 7 shows an upcore increase of the boreal taxa Hyalinea balthica and 

M. barleanus, with subsidiary numbers of Textularia spp., B. marginata and Cibicides 

lobatulus. C. reniforme is almost completely absent, substituted by the warm species 

C. obtusa (Sejrup and Guilbault, 1980), while the proportion of E. clavatum decreases 

progressively from 14 to 7%. The two foraminifer species that dominate MCU 8 and 9 

are E. clavatum and C. reniforme, which are both associated with glacial conditions 

in modern oceans. E. clavatum reaches relative abundances up to 50%. In MCU 9 up 

to 12.4% Elphidium tests are broken or abraded. The infaunal species C. reniforme is 

also abundant and is well documented in ice-proximal marine environments in the 

northeastern Atlantic (Hald and Korsun, 1997; Sejrup and Guilbault, 1980; Sejrup et 

al., 2004). The high arctic species Nonionella labradorica is the most common 

accessory species in MCU 9. 

 

Sedimentology and micropaleontology - interpretation 

MCU 1 – this unit comprises different lihofacies in the top sections of all the cores 

studied (Table 5.4), and it reaches up to 4 m in thickness. It is generally massive, 

sandy mud or muddy sand with gravel lags, dominated by biogenic debris (shell 

fragments, foraminifera, ostracods, bryozoans and echinoderm fragments) in the 

coarse (>150 µm) fraction, bioturbated in some parts and with high water content. 

MCU 1 is interpreted as Holocene in age, on the basis of its stratigraphical position in 

the cores and the basal date from core 726 of 6915 ± 67 cal yrs BP and the top date 
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of 3175 ± 78 cal yrs BP in MCU 7 in core 731. This suggests that MCU 1 is a 

reworked sheet of modern or mid-late Holocene sand and gravel that covers the area, 

and was formed under the influence of tidal currents with velocities >10 cm/s 

(Hjulström, 1935). The lower sharp boundary in all the cores suggests a period of 

erosion or non-deposition between MCU 1 and the underlying facies. In core 730 the 

lower gravelly lithofacies of MCU 1 is characterised by irregular shell and gravel 

lenses that might have been caused by subsequent bioturbation. The dated shell from 

this lithofacies produces an age of 9437 ± 55 cal yr BP, but in light of likely 

reworking it must be considered as a maximum age for the deposit. 

MCU 2 – this sandy mud unit is observed in both cores 729 and 726 and it is distinct 

from MCU 1 because of the increased mud content, different colour, lower P-wave 

velocity and higher compaction. The biogenic debris content and foraminifera fauna 

remain virtually unchanged. An assemblage of Quinqueloculina spp. (Triloculinella 

sp., M. subrotunda) and high-energy indicators G. prageri and C. lobatulus indicate 

warm water conditions. This interpretation is supported by the presence of abundant 

boreal molluscs (especially juveniles, probably allochtonous) such as A. alba and M. 

bidentata. The presence of A. alba indicates minimum summer temperatures of ~12-

13 °C (Peacock et al., 1989b). The bryozoan T. ternata observed at the bottom of the 

lithofacies is common at higher latitudes, from the Shetlands to Norway, and might 

indicate slightly lower temperatures than today. Overall, this lithofacies is interpreted 

to have been deposited in a lower energy environment than MCU 1. 

MCU 3 – Graded sand unit. The upper erosional boundary combined with the 

reduction of biogenic debris (only ~5-8%), the higher mud content relative to MCU 2 

and the appearance of cold water benthonic taxa such as E. albiumbilicatum indicates 

a climatic deterioration with colder waters and lower energies. The two ages obtained 

from this unit, 11.44 cal ka BP at ~5.5 m and 11.53 cal ka BP at 6.5 m suggest high 

sedimentation rates at about 10.3 mm/a. The intense bioturbation observed points to 

a well-oxygenated environment. Overall, MCU 3 was deposited at the YD-Holocene 
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climatic transition, with large inputs of terrigenous material and before the transition 

to the modern Holocene biodiversity.  

MCU 4 - this graded sand with outsize clasts unit is only observed at the bottom of 

core 729. The lithology resembles that of MCU 3 above, but harsher climatic 

conditions are suggested from the foraminiferal assemblage by both slight increased 

faunal dominance and declining faunal diversity and by the appearance of abundant 

cold and/or deep water indicators N. orbiculare and C. reniforme. The appearance of 

scattered outsized clasts up to cobble-size suggests either emplacement by iceberg 

rafting in a distal glacimarine environment or one in which sediment already present 

on the sea floor was eroded, transported and redeposited. Other sources for the input 

of pebbles and cobbles would be rafting by sea ice and floating algae (e.g. Fucus 

vesiculosus), which have been shown to be capable of transporting stones offshore up 

to 72 g (Gilbert, 1990) and does not require the presence of icebergs. The absence of 

major unconformities, sedimentological changes and the consistency in foraminiferal 

assemblage between MCU 3 and 4, suggests a similar sedimentation rate in the two 

units. This produces an approximate age for MCU 4 (at 8.5 m) of 11737 cal yr BP. 

The Younger Dryas age is consistent with the arctic fauna characterised by E. 

albiumbilicatum (a common feature for YD deposits in western Scotland, (e.g. Austin 

and Kroon, 1996; Graham et al., 1990; Peacock et al., 1992) and the frequency of 

heavy cobbles (~65 g) and collectively implies a distal glacimarine environment that 

was under the influence of strong bottom currents.  

MCU 5 – The laminated well-sorted sandy mud in this MCU is interpreted as an 

early Holocene (between 10.5 and 9.5 cal ka BP) undisturbed succession of fine 

sediment that accumulated by suspension settling in the deep basin. The oxidised 

laminae are likely sulphides (pyrite?) deposited in euxinic conditions, as suggested by 

the absence of bioturbation (Sohlenius et al., 1996). The considerable thickness of this 

unit (~1.4 m in ~1000 years; 1.4 mm/a) is at odds with average sedimentation rates 

on deglaciated shelves, which are less than 0.1 mm/a (Boulton, 1990), well 

represented in MCU 7. Two possible explanations (not mutually exclusive) can be 
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given: firstly, the material probably originates from the shallow seabed around the 

Deep, it was re-suspended and sorted by current action and then accumulated in the 

area of lowest possible energy. The presence of ~25% epifaunal foraminifera species as 

C. lobatulus and G. praegeri, inferred to have been transported to the area (c.f. 

Murray, 2004) supports this interpretation. Secondly, the Ostrea edulis which yielded 

the 9437 cal yr BP date at the transition from MCU 5 to MCU 1, may be an old 

reworked shell. O. edulis is common on muddy firm bottoms and in highly productive 

estuarine or shallow coastal habitats (typically 0-80 m, 

http://www.marlin.ac.uk/species/detail/1146). Moreover, the interpretation of MCU 

1 as a current-controlled deposit supports the interpretation of reworking of much 

older material. 

MCU 6 – it is a sandy, fining-upward mud unit, rich in outsize clasts and shell debris. 

It is defined by a sharp upper boundary, as indicated by the peak in MS (from ~30 to 

150 SI) and is characterised by a decrease in shear stress values. The presence of 

basaltic pebbles cannot be explained by iceberg-rafting as the basal date of 10569 ± 

86 cal yr BP indicates a minimum deposition age well beyond the end of the YD in 

Scotland (Golledge, 2010) and the onset of fully marine deposition in Scottish fjords 

(McIntyre et al., 2011). The mix of temperate and cold–arctic foraminiferal species 

implies a mixing of both Atlantic and Arctic water masses during deposition 

(Kristensen et al., 2000). In the present-day, A. beccarii and N. orbiculare are 

occasionally found living together in areas such as Nova Scotia, where the seasonal 

environmental conditions vary considerably (Scott et al., 1980). The bivalve 

assemblage is also consistent with a boreal environment (Peacock et al., 2012, 1989b). 

Overall MCU 6 is interpreted as the product of gravity-driven failure of an unstable 

accumulation of slope sediments. Slope instability is common in fjord basins 

(Bellwald et al., 2016) and could have been triggered by isostatic readjustments of 

the crust after glacial unloading, or increasing water pressure as sea levels in the area 

rose during the early Holocene (Bradley et al., 2011; McIntyre et al., 2011; Shennan 

et al., 2006b). 
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MCU 7 – This ~ 1 m thick unit was observed only in core 731, it comprises laminated 

muds becoming colour-banded towards the top and it is characterised by a 

progressive upwards decrease of outsize clasts and by a rapid increase in foraminifera 

abundance and dominance of warm-water taxa (e.g. H. balthica, M. barleanus, B. 

marginata) present in the modern living assemblages (Murray, 2004). MCU 7 is 

therefore interpreted as representing a transition from a distal glacimarine setting 

with some degree of influence from Atlantic waters at the bottom, to a fully 

hemipelagic setting with water temperatures not dissimilar from today’s. The reddish 

and dark grey mud intervals occurring in the upper lithofacies can be possibly 

explained by seasonal variations in terrigenous input, with the oxidised layers 

reflecting organic productivity. Distinctive black layers in cores from Alaskan fjords 

oxidise to reddish-brown on exposure to air, and are interpreted as resulting from the 

conversion to monosulphide minerals of diatom tests, which accumulate on the 

seafloor following the spring bloom (Cowan and Powell, 2007). The colour-banding in 

MCU 7 instead represents different grain size input between summer and winter. The 

bottom of MCU 7 is undated, but the 70 cm core MD6 (Figure 5.1), collected only 

55 m to the east of core 731 contains a sedimentary sequence  and foraminiferal 

assemblage equivalent to MCU 7 in 731 (Murray, 2004) (Figure 5.16). 

The two cores can thus be correlated and on this basis it is assumed that the 

two sections belong to the same stratigraphic unit. In MD6, the basal date of 12840 

± 80 cal yr BP can therefore be correlated to the bottom of MCU 7, and corresponds 

with the decrease of warm water foraminifera taxa between 0.8 and 1.2 m, indicating 

a YD Stadial age. The top date of 3175 ± 78 cal yrs BP in MCU 7  agrees well with 

the 4500 ± 35 and 3040 ± 30 cal yrs BP dates obtained in MD6 at 35 and 30 cm at 

the transition from mud to muddy sand (the latter represented by MCU 1 in core 

731). 
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Figure 5.16 - Correlation between core 731 and MD6 (Murray, 2004). The location of the cores is shown in the 

lower box. For a regional view of this area refer to Figure 5.2 

 

MCU 8 – this unit is finely laminated and colour-banded muds with sandy laminae. 

It is sampled only in core 731, is devoid of macrofossils and characterised by 

benthonic foraminifera specimen numbers at their lowest throughout the core. This 

evidence together with the presence of cm-sized, outsized clasts in a clayey matrix 

indicates a glacially-influenced, low energy environment. The high faunal dominance 

exhibited by E. clavatum together with the low faunal diversity suggest particularly 

unfavourable marine ecological conditions. C. reniforme is typically associated with 

proglacial low-salinity environments (e.g in fjords on Svalbard, Hald & Korsun 1997), 

while E. clavatum is a common Arctic species. The scarcity of foraminifera can be 

also explained by high sedimentation rates.  

The origin of the sandy laminae can be assessed through the analysis of 

thickness, texture and sorting, lithology, sedimentary structures, boundaries and 

stratigraphic relationships (Ó Cofaigh and Dowdeswell, 2001). In general, laminated 

sediments can be produced by turbidity currents (Gilbert et al., 1998), contour 

current activity (Howe and Pudsey, 1999), or as a result of suspension settling from 

turbid meltwater plumes in a glacial proximal environment (Cowan et al., 1999). The 
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variability in texture and thickness, the repeated sequences, the sharp lower 

boundaries with syn-sedimentary deformation (flame structures) and the fining-

upward grading all indicate deposition from turbidity currents cutting suspension-

settled glacial flour from meltwater plumes (Cowan et al., 1999; Ó Cofaigh et al., 

2001; Ó Cofaigh and Dowdeswell, 2001).  

MCU 9 – the stratigraphically oldest unit in core 731 is a massive matrix-sustained 

diamicton with frequent pebble to cobble-sized clasts. On average, this MCU also 

shows the highest MS values. Previous studies have shown that magnetic 

susceptibility of marine sediments increases during glacial periods due to higher 

concentrations of freshly eroded magnetic minerals (e.g. Itambi et al., 2009; 

Vanderaveroet et al., 1999). Together, this evidence suggest that MCU 9 was 

deposited either in an ice-contact glacimarine environment or subglacially. The shear 

strength values up to ~20 kPa do not exclude the possibility of subglacial formation 

(Ó Cofaigh et al., 2007; Shipp et al., 2002), but the increasing values can also be 

explained by high sedimentation rates, dewatering and compaction. The rich arctic 

assemblage of C. reniforme and E. clavatum supports these conclusions and, in 

addition, the appearance of the typically cold water species N. labradorica in the 

lower half of the MCU might indicate decreasing temperatures. 
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5.6. Discussion 
 

5.6.1. Regional correlations and chronostratigraphy 

 

Based on the lithological observations, physical properties, foraminifera assemblages 

and radiocarbon dating, a correlation between the five cores examined is proposed in 

Figure 5.17. The following section describes the reconstruction in the context of 

previous research in western Scotland and attempts to relate core stratigraphy to 

seismic units.  

 

As shown from the MBES data the late Devensian ice margin retreated across the 

Muck Deep region in a W-E or WSW-ENE direction, and it was grounded even in 

the deepest parts of the basin. The gritty and laminated clays of MCU 8 and 9 in 

core 731 represent the oldest sediments observed in this study, as demonstrated by 

the correlation with the adjacent dated core MD6. Although they are undated it is 

highly probable that they are of late Devensian age as no overconsolidated diamicton 

(i.e. subglacial till) or erosional boundary was identified in the core.  

These deposits are very similar to previously described sequences on the 

Hebridean shelf. West of the Outer Hebrides a ~2 m thick massive soft diamicton at 

the base of core 57/-09/89, with a dearth of macrofossils and a benthonic fauna 

dominated almost exclusively by E. clavatum and C. reniforme, was interpreted as 

proximal diamicton or even a morainal bank (Austin and Kroon, 1996; Peacock et al., 

1992). In Loch Indaal, massive and almost barren (of macrofossils) brownish-grey 

muds in BH75/43 and 75/41 were ascribed to the Dimlington Stadial by Peacock 

(2008). In Chapter 3 of this thesis, the proximal glacimarine Barra Formation was 

characterized by a high content of outsized clasts and the characteristic arctic 

foraminifera assemblage of E. clavatum and C. reniforme (cf. BH 81/10, or 

JC106_149VC, Chapter 3). MCU 8 and 9 were probably deposited during and/or 

shortly after the ice margin withdrew from the area, around 17 ka, which represents 
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the approximate date of ice retreat onto land in western Scotland (Ballantyne, 2009; 

Small et al., 2016, 2017).  

 
Figure 5.17 - Correlation between the studied cores 
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The progressive decrease in sand content and the appearance of lamination is 

similar to the transition from ice-contact to proximal deposits observed on other 

glaciated margins (Powell and Cooper, 2002). With the present data it is not possible 

to assess unequivocally whether the sandy laminae in MCU 8 were deposited by ice-

proximal meltwater discharge or are turbidites generated by downslope failure from 

the steep Muck Deep flanks. However, their presence in the lower part of MCU 7, 

when ice was confined to the fjords as tidewater glaciers (Ballantyne, 2009; Golledge, 

2009), suggests that the second option is more likely. Although no seismic lines cross 

the location of the core, WBSU1 (Minch Fm.) is probably the acoustic signal type 

related to these deposits. 

 

The 1 m long MCU 7 records the transitional period from the Windermere 

Interstadial to the late Holocene (~11.7 ka). Compared to the other cores in this 

study sedimentation rate in this area of the Muck Deep is very low (0.1 mm/a), 

indicating a low-energy environment, possibly also sheltered by the rock cliff to the 

south (Figure 5.15). 

The presence of infaunal B. marginata and H. balthica point to seasonal 

stratification and low oxygen content (Klitgaard-Kristensen et al., 2002), and the 

increase in C. lobatulus and Textularia spp. tests indicates a growing influx of dead 

epifaunal taxa from the shallow Hawes Bank (Murray, 2004).  

Excluding the capping MCU 1, the time encompassed by MCU 7 is equivalent 

(if not greater) than the time represented by the deposits in the other cores. Based on 

radiocarbon ages and benthic foraminifera MCU 2 to 4 in core 729 represent the 

period from the latest stages of the YD (11.7 cal ka BP at 8.5 m assuming constant 

sedimentation rates) to the mid-Holocene while core 730 is younger, extending only to 

the early Holocene (10.5 cal ka BP). The thickness of the deposits in these locations 

and the higher sand content indicate both a much higher sedimentation rate and 

stronger bottom currents. Very high sedimentation rates in core 729PC (~10 mm/a) 

during the early Holocene – Younger Dryas period are not uncommon, as previously 

dated cores in the Jura Fm. (Peacock et al., 2012) and elsewhere on the shelf (Binns 
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et al., 1974; Graham et al., 1990) indicate similar rates, if not higher. High 

sedimentation rates during the Holocene pre-boreal phase can be related to the 

paraglacial conditions of western Scotland at the time. During this transitional period 

between ice disappearing and colonisation by vegetation and stabilisation of the 

landscape by interglacial soils, sediment supply continued to be dominated by high 

terrigenous inputs (angular quartz sands in MCU 3 and 4), transported by fluvial 

runoff, until the supply of unconsolidated glacigenic material became depleted 

(Church and Ryder, 1972). MCU 2, 3, 4, 5 and 7 belong chronologically to the Jura 

Fm (Davies et al., 1984; Peacock et al., 2012). The lithostratotype for this formation 

(sensu Davies, 1984) is massive or laminated silty clay, mainly greenish-grey in colour 

and gritty in the interval belonging to the YD (BH 71/9 in Figure 5.18). This is 

seen in MCU 7 which is essentially a very condensed Jura record. On the other hand 

sandy Jura sediments, such as those in core 729, have not been sampled previously on 

the western Scottish shelf, and might represent one of the causes of the seismic facies 

variability described earlier.  

The consistent trends in MS (decrease from ~40-50 SI, plateau at ~20 and rise 

to >40 SI at bottom transition to MCU 2) and gamma density (steady increase from 

~1.80 to 1.95) allow MCU 1 to be correlated across cores 726, 728, 729 and 730 (see 

Figures 5.9-5.13). On seismic data MCU 1 corresponds with the acoustically 

transparent WBSU4 (Sleat Fm.) and SBSU2 (Arisaig Fm.) observed Figure 5.5 and 

5.6 respectively. In Figure 5.6 (core 726 on PL85-32) the transition between MCU 

1 to MCU 2 is not expressed by any clear seismic reflector. This might be caused by 

local similar acoustic impedance or by the imprecision in the fix accuracy of the 

Decca Main Chain System (about 100 m, but up to 330 m in summer nights, cf. 

Austin and Kroon, 1996; Davies, 1984). 
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Figure 5.18 - Borehole record on the Inner Hebrides shelf, summarised from (**Binns et al., 1974; Davies et al., 1984; *Peacock et al., 2012). The location of the boreholes is shown 

in Figure 5.1 
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5.6.2. Geological and climatic boundaries 
 

The climatic complexity of the last 14 ka in Scotland is demonstrated by the 

numerous geological boundaries observed in the sediment cores. Analysing the seismic 

architecture of the Jura Fm. in the Rum Trough Davies (1984) observed at least 

three regional intra-formational scour surfaces and two switches in axis of deposition. 

The depositional history of the Jura Formation in the Rum Trough is summarised 

below (cf. Davies, 1984, pp. 282). 

1. Scour surface I) Unconformity between Barra and Jura Fm. Widespread 

bottom winnowing in association with limited input. 

2. Jura unit I) uniformly draped over bottom surface, indicates the decrease in 

the environmental energy and suspension load input, well developed along the 

axis of deposition adjacent to the Hawes Bank. 

3. Scour surface II) increase in environmental energy results in regional scour. 

4. Jura unit II) overlaps unit 1 suggesting a northerly migration in the sediment 

source areas. Although extensively developed and subjected to syndepositional 

scour (channels which form where there is no obvious mechanism for current 

concentration).  

5. Scour surface III) new phase of major regional scour; it is best developed 

adjacent to the Canna Ridge where reflector sets are distinctly truncated. 

6. Jura unit III) the sediment source area switched from the northern margin of 

the Rum Trough to the Hawes Bank. Sediment input was reduced and affected 

by continued syndepositional scour. 

7. Jura unit IV) accumulated following a cessation of syndepositional regional 

scour. The dominant sediment source area again lay along the northern margin 

of the Rum Trough. 

8. The present day regime is characterised by little or no sediment input in 

conjunction with regional and localised post-depositional scour. 
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In this section the four main “transitions” observed in the cores are discussed 

separately. Albeit the macroscale changes described by Davies are difficult to link to 

the sediment cores, an attempt at correlation is made. 

 

1 Dimlington Stadial to Windermere Interstadial 

This transition is expected only in core 731, between 0.8 and 1.6 m assuming the 

correlation to MD6 is correct. In this interval no significant lithological changes were 

observed and the resolution of foraminifera sampling does not appear to be high 

enough to capture the WI. The only distinctive change occurs between 1.6 and 1.2 m 

and is associated with the transition from arctic to boreal taxa. Previous studies have 

shown that climate change during the WI is not captured well by foraminiferal 

assemblages , especially in thin deposits (Unit D3, 1.75 m Graham et al., 1990; Unit 

4, 50 cm Peacock et al., 1992). Therefore the best estimate is to assign as YD and WI 

strata the section (probably limited to few 10s of cm) before the radical benthonic 

assemblage change to boreal taxa. No scour surface is evident here, although Scour 

surface I should theoretically correspond to this transition. 

 

2 Younger Dryas – late deglaciation 

Recent debate on the age of final deglaciation in western Scotland centred on the 

long-held view that the Younger Dryas was a time of ice expansion and that glaciers 

occupied the western Highlands up to, or slightly before, the nominal end of the YD 

(11.7 ka). Dating from Bromley et al. (2014) implies that Rannoch Moor, the ice 

centre, was completely deglaciated as early as 12.58 cal ka BP and no later than 12.2 

cal ka BP. However the 14C ages on plant material are uncritically accepted by the 

authors, and are contradicted by numerous exposure dates that indicate persistence 

of ice up until the very last stages of GS-1 or the early Holocene (see review by 

Ballantyne 2012). Small and Fabel (2016) provide a best estimate moraine exposure 

age in Rannoch Moor of 11.5 ± 0.6 ka, retreat of the ice cap in Assynt (Northern 

Highlands) is marked by moraines of valley glaciers exposed prior to ca. 10.1 ± 1.0 to 

11.2 ± 1.0 ka (Golledge, 2009), the Slapin moraine on Skye dated at 11.5 ± 0.7 ka 
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suggesting that the YD limit was reached after the termination of GS-1 (Small et al., 

2012) and the radiocarbon dating from proglacial lake Blane close to Loch Lomond 

suggests ice advance after 12 cal ka BP (MacLeod et al., 2011).  

The glacimarine record in MCU 4, core 729 is characterised by high arctic 

benthic fauna and dropstones at 11.7 cal ka BP implie late deglaciation in the Arisaig 

and Ardnamurchan area and the existence of tidewater glaciers up to the YD-

Holocene transition. 

 

3 Early Holocene –  paraglacial to boreal conditions  

A sharp boundary is observed at 4.23 m in core 729, and is associated with a sudden 

increase in biogenic content and a marked change in the benthic foraminiferal 

assemblage, with cold water taxa being replaced by warm species. The boundary is 

constrained between 11.4 and 10.8 cal ka BP and it is therefore interpreted as an 

early Holocene transition. Assuming a constant sedimentation rate in MCU 3 of 10.31 

mm/a, the age of this unconformity is inferred to be 11.32 cal ka BP. This 

calculation, however, does not account for sediment loss due to erosion, which is 

strongly suggested by the undulating sharp boundary. Nevertheless the extent of 

erosion is limited (~600 years), on the contrary of, for example, core 71/10 (Figure 

5.1 and 5.18), where the entire YD strata are absent (Boulton et al., 1981; Peacock 

et al., 2012).  

A sea-level curve for the study area is provided in Figure 5.19, based on the 

recently developed Bradley-ROMS model (Bradley et al., 2011; Ward et al., 2016). In 

the water depths in which the core was taken (200 m) neither eustatic sea level 

changes nor isostatic readjustments during post-glacial times would have been likely 

to have affected conditions significantly, where a maximum RSL excursion from – 5 

to +5 m OD was achieved from ~11 to 7 ka. Thus the change required to turn the 

environment from one of sedimentation to one of erosion would seem to be related to 

the diminishing and ultimate cessation of terrigenous sediment supply from the land 

as vegetation stabilized the soils (Ballantyne, 2002b; Evans and Ruckley, 1980). 

Primary production of biogenic carbonate is greatest on stable rocky seafloors where 



Chapter V: Palaeoenvironmental change inferred from marine sediments in the Muck Deep 

 

215 
 

a prolific epifauna flourishes (David Hughes, pers. comm. 2017). Hence the high 

carbonate content of the sediments within the area is inferred to be largely due to 

faunal bloom on the shallow rocky platforms. The switch to Hawes Bank as the 

major source area may be related to what Davies observed in Jura unit III in the 

Rum Trough.  

 

4 Mid-Holocene – a change in wave climate?  

This final transition affects all the cores and is loosely dated to between 6.5 to 3.1 cal 

ka BP. It is either sharp (core 731) or transitional (core 726) but in general it marks 

an increase of energy in the environment, and probably the transport of coarser grain 

sizes from the adjacent shallow platforms. In the location of core 731, characterised 

by a muddy substrate and low energy during the Lateglacial, RSL (and wave base) 

cannot be accounted for as a cause for the input of the coarser material, because a 

similar effect would be then expected during the YD, when RSL was -5 m lower and 

with tidal amplitude ~1 m greater than today (Figure 5.19).  

Therefore wave climate was probably the main cause, with shift of wave 

direction and increased transport of coarse material from Hawes Bank, as proposed 

by Murray (2004). The integrated effect of the end of the mid-Holocene marine 

transgression (Figure 5.19, Shennan et al., 2006), with establishment of modern 

tidal regimes (Ward et al., 2016) and the cooler and moister climate from ~6 ka BP 

(Boulton et al., 2002) might be the cause for this environmental change. This final 

boundary appears to be connected to the Sleat Mb. (cf. core 728 in Figure 5.5) and 

to the onset of modern oceanographic conditions (last stage in Davies’ subdivision). 
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Figure 5.19 - Relative sea level curve and peak bed stress for 56.48N, 6.42W. The grey shaded area 

indicates the period with postulated ice cover in the area. 
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5.7. Conclusion 
 

The integrated record of five sediment cores from the Muck Deep provides a detailed 

picture of palaeoenvironmental evolution from the Lateglacial to the present day. The 

study area is today characterised by highly variable bottom current velocities, and 

appears to have also been a feature of the Lateglacial-Holcene period on the western 

Scottish shelf. Environmental changes are preserved in both the seismic and 

lithological records but the correlation between the two remains rudimentary and a 

more direct and robust correlation between seismic and lithological facies is needed. 

The following environmental changes have been observed in the cores:  

• In the western Muck Deep (core 731) a massive diamicton followed by a 

laminated mud sequence, characterised by a benthic fauna of E. clavatum and 

C. reniforme, are the oldest sediments described in this study and were 

probably deposited shortly after the ice margin withdrew from the Muck Deep, 

around 17 ka. The diamicton is probably related to moraine ridges outcropping 

in parts of the MBES survey area. 

• In this core the transitions from Dimlington Stadial to early Holocene are 

captured by changes in benthic foraminifera taxa but not by sediment grain-

size, which remains constant through time. 

• In the eastern Muck Deep (core 729) the oldest sediments are glacimarine 

sandy muds with cobble-sized dropstones and an E. albiumbilicatum 

assemblage, dated to approximately 11.7 ka. This date supports glacial 

occupancy in western Scotland until the latest stages of GS-1.  

• In the same core, the transition from a paraglacial to a more stable, possibly 

vegetated, landscape is indicated by an erosional boundary dated to between 

10.8 and 11.3 cal ka BP. Here the diminishing supply of glacially eroded 

terrigenous material is substituted by abundant biogenic debris, characterised 

by abundant bryozoans, possibly colonising the shallow volcanic platform 

south of Eigg, and a shift to warm water benthic taxa. 
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• The study area is characterised by variable modern bottom current velocities, 

and past changes are preserved both on the seismic and lithological record. A 

sandy (tidally-influenced?) deposit at 200 m depths in the southern Muck 

Deep show two upward-fining cycles and a mid-core erosional unconformity. 

Such structures are not preserved in the western Muck Deep, where a 

continuous succession of clay and silt remains unaffected by changes in 

environment energy until the top.  

• A clear record of increasing energy in the latter stage of the Holocene, at the 

end of the marine transgression, is the only regionally correlatable signal across 

all the cores. This boundary is interpreted as the onset of modern 

oceanographic conditions. 



Chapter VI: Deglaciation of the Firth of Lorn after the LGM 

 

219 
 

6. CHAPTER VI 
 

 
 

Deglaciation of the Firth of Lorn after 

the LGM: a review and new insights 
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6.1. Abstract 
 

The Firth of Lorn is one of the largest sea-lochs in western Scotland and is assumed 

to have acted as the main conduit for ice flow from the Grampian Mountains to the 

shelf during the Pleistocene glaciations. In spite of the important setting, the 

knowledge of late Devensian geology in the area remains limited and fragmentary. In 

this chapter, a first integrated ice-margin retreat framework for the Firth of Lorn 

after the LGM is established, linking new geomorphological and sedimentological data 

to past research in the region.  

Two different phases of withdrawal are identified, where topography and 

possibly relative sea-level (RSL) played a major role; first, between 17.5 and 17 ka, a 

rapid retreat was controlled by iceberg calving in the deep (more than 300 m in some 

parts) outer Firth. Secondly, between 17 and 16 ka, a combination of lowering RSL 

caused by rapid isostatic rebound and the shallow and narrow topography of the 

inner Firth, induced a slower episodic retreat, which produced a consistent pattern of 

retreat moraines similar to that observed in other fjords.  

After ~16/15.5 ka the Firth of Lorn was ice-free, and ice did not re-occupy it 

even during the Younger Dryas. During this Stadial when arctic conditions were re-

established, the Firth was surrounded by tidewater glaciers from the Isle of Mull, 

Loch Linnhe and Loch Etive. Ice proximal to distal deposits, represented by gritty 

colour-banded silty clays and dark silts (LLF 3 and 4) sampled in the inner Firth, 

suggest rapid sediment accumulation and are similar to the onshore Clyde Beds. 

These silty clays are preserved in the outer Firth (as “boulder pavement”) but 

covered by thick sequences of hemipelagic muds (LLF 2). 
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6.2. Introduction 
 

In western Scotland the investigation of submarine geomorphology and fjordic 

sedimentology is essential given the lack of unambiguous onshore ice-retreat limits 

and the extent of the marine area (Sissons, 1983). Much recent effort has been 

focused on the western shelf and the fjords (Audsley et al., 2016; Baltzer et al., 2010; 

McIntyre et al., 2011; Stoker et al., 2010; Dove et al., 2015; Howe et al., 2012). These 

studies have improved the understanding of ice retreat dynamics after the LGM and 

during ther Lateglacial. A precise reconstruction of glacial margin positions can be 

used to constrain mathematical ice-sheet models, which allow extrapolating theories 

about ice-sheet dynamic coupled to past climate variability and sea-level fluctuations 

(Golledge, 2010; Hubbard et al., 2009; Ward et al., 2016). 

The Firth of Lorn is one of the largest sea-lochs in western Scotland (~1400 

km2) and, during the late Devensian, it acted as one of the the main conduits for ice 

flow from the Grampian Mountains to the Hebrides shelf. In spite of this significant 

setting, at present the knowledge of late Quaternary geology in the area remains 

limited and fragmentary. A collection of studies conducted on onshore deposits on 

Mull and mainland (Benn and Dawson, 1987; Benn and Evans, 1993; Gray and 

Sutherland, 1977; Gray, 1995; Tipping, 1991), palaeo-coastal features (Jardine, 1982; 

Sissons, 1982), general offshore seismic stratigraphy (Barber et al., 1979; Davies et 

al., 1984) and borehole stratigraphy east of Colonsay (Peacock et al., 2012) has 

provided limited information on the position of the Lateglacial ice margin and the 

associated palaeoenvironmental changes and sea-level fluctuations. However a 

substantial gap remained in the marine area of the Lorn. This gap has been filled 

only a few years ago by the bathymetry data collected by the INIS-Hydro project in 

2012, which has permitted a first in depth geomorphological and geological 

description of the area by Howe et al. (2015). Furthermore, two coring cruises in 2014 

and 2015 have explored for the first time the shallow sediment record along the entire 

Firth, permitting the classification of sediment deposits and correlation to submarine 

landforms. 
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This Chapter aims to link the modern datasets to past offshore and especially 

onshore studies in order to provide a first integrated picture of deglaciation dynamics 

in the Firth of Lorn. 
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6.3. Geographical and physiographical settings 
 

The Firth of Lorn is located on the west coast of Scotland between the Isle of Mull in 

the NW and mainland Scotland and Isle of Jura in the SE (Figure 6.1). For 

description purposes, the Firth of Lorn is here geographically divided in inner and 

outer Firth. 

 
Figure 6.1 - Geographic setting of the study area with the two boxes delimiting the inner and outer Firth of 

Lorn defined in this study 

 

The outer Firth of Lorn covers an area of ~1000 km2 that stretches from the Isle 

of Colonsay in the west to approximately the Garvellachs to the east (Figure 2). It 

is mostly covered by a sequence of Lateglacial to postglacial muds and sandy muds 

belonging to the Jura Fm., unconformably lying on a thin till (up to 10 m) or directly 

on bedrock (Davies et al., 1984). The Jura Fm. sediments have a thickness generally 

in excess of 80 m, but greater than 250 m south of Loch Buie (Isle of Mull) and in 

the buried trough north of Colonsay (Davies et al., 1984; Fyfe et al., 1993). 
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Figure 6.2 - Overview of the MBES data and location of the sediment cores and seismic lines analysed in 

this study 

 

The inner Firth encompasses instead the narrower section of the sea-loch, from 

the Garvellachs to the Isle of Kerrera in the NE. The seabed morphology is different 

from the outer section, as here the Quaternary cover is patchy or absent and most of 

its surface reveals bedrock outcrops. The outcrops, described in Chapter 1, are mostly 

Dalradian metasediments of the Appin Group that form a highly irregular groove-

and-ridge bathymetry (the “lozenge”), moulded by Quaternary glaciations 
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(Krabbendam et al., 2016), and confined Old Red Sandstone rubbly platforms (Howe 

et al., 2015). Thick postglacial sediment cover, gassified with pock marks revealing 

gas or fluid flow at the seabed, is observed only at the entrance to Loch Linnhe. 

Surface tidal-stream velocities in the study area vary from 0 to 0.5 m/s in the outer 

Firth, and 1 to 1.5 m/s in the inner Firth, reflecting the distribution of fine sediment 

across the region (Fyfe et al., 1993). Exceptionally high water speeds (>4 m / s, Dale 

pers comm. 2014) have been recorded in the Corryvreckan whirlpool (Figure 1), a 

strong tidal race between the Isles of Jura and Scarba. Sediment movement in the 

vicinity of the sound is influenced by these strong tidal flows, and the effect is evident 

in the deep scoured basins south of the Garvellachs. 
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6.4. Materials and methods 
 

6.4.1. Core data 
 

Fifteen gravity cores collected in May 2014 on board of SAMS vessel RV Calanus, 

were analysed in order to reconstruct the shallow stratigraphy of the Firth of Lorn. 

The location, length and water depth of the cores is provided in Table 6-1. 

 
Table 6-1 – Firth of Lorn key core location data 

Core ID Type Latitude (N) Longitude (W) Water depth (m) Recovery (cm) 

GC 148 Gravity core 56° 15.191' 6° 00.799' 86 249 

GC 149 Gravity core 56° 17.672' 5° 53.948' 141 207 

GC 150 Gravity core 56° 12.324' 6° 00.482' 90 260 

GC 151 Gravity core 56° 11.305' 6° 03.639' 86 391 

GC 152 Gravity core 56° 13.498' 5° 45.509' 243 246 

GC 153 Gravity core 56° 13.992' 5° 44.925' 192 29 

GC 154 Gravity core 56° 19.230' 5° 44.081' 213 170 

GC 155 Gravity core 56° 20.305' 5° 41.906' 220 164 

GC 156 Gravity core 56° 20.097' 5° 40.773' 216 116 

GC 157 Gravity core 56° 22.695' 5° 40.162' 63 202 

GC 158 Gravity core 56° 22.490' 5° 40.630' 39 232 

GC 159 Gravity core 56° 22.145' 5° 40.251' 115 233 

GC 160 Gravity core 56° 23.647'  5° 36.893' 126 83 

GC 161 Gravity core 56° 23.209' 5° 37.989' 147 252 

GC 162 Gravity core 56° 24.108' 5° 37.679' 202 60 

 

Observations and measurements on lithology, grain size, sedimentary structures 

and sediment physical properties were recorded in order to study the evolution of the 

depositional environments. Particle size analyses (PSA) were performed on cores 150, 

151, 154 and 157-162 via laser granulometry using a Coulter LS230 Laser 

Diffractometer at SAMS on bulk sediment samples (fraction <1 mm) collected from 

cores at intervals of interest. Sediment physical properties were measured on cores 

148, 151 and 157-162 at SAMS using a GEOTEK multi-sensor core logger. 

Anomalously high or low measurements (e.g. large clasts or core section voids) were 

eliminated to enhance the comparability between cores. Six samples for foraminifera 

taxonomy were sieved (at 63 µm) and processed as described in Chapter 5. 
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6.4.2. Multibeam and sub-bottom profiling data 

 
Seabed bathymetric data were collected by the Scottish Association for Marine 

Science (SAMS) during 2012–2013 as part of the INIS Hydro project on behalf of the 

Maritime and Coastguard Agency (MCA). The survey covers an area of 

approximately 553 km2, from the west coast of Jura in the S to the entrance to the 

Sound of Mull in the N. SAMS vessel RV Calanus, with a hull-mounted Reson 

Seabat 7125 dual-frequency multibeam, carried out the major part of the survey. 

Shallow water surveys were instead collected by the British Geological Survey (BGS) 

vessel RV White Ribbon using a Kongsberg EM3002D 300 kHz multibeam. Technical 

details on the systems are provided in Howe et al. (2015)  

GeoTiffs of the data layers were imported into ArcGIS v.10.2, where 

geomorphological mapping was conducted. The methodology applied for 

geomorphological mapping on ArcMAP (production of hillshade rasters, shapefile 

editing etc.) is the same as in Chapter 3. Iview4D was utilised to visualise the 

surfaces in a 3D space. 

Poor quality BGS 1972/5 seismic lines, were consulted in order to explore the 

sedimentary architecture in the Firth of Lorn. Data were gathered using collected 

using a 2500 J sparker and a Decca Main Chain navigation system. 
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6.5. Results 
 

6.5.1. Geomorphology 

 

In the outer Firth of Lorn (Figure 6.2A) the geomorphology is masked by the thick 

late and post-glacial sediment cover, which hinders the identification of glacial 

bedforms. The analysis of three sparker lines in the area has permitted the 

identification of constrained acoustically chaotic deposits (Figure 6.3), distinct from 

the overlying stratified Jura Fm., that might represent the patchy till (Hebrides Fm., 

Chapter 3) previously described by Davies (1984). Apart from this confined 

observation, not much else can be said about the outer Firth. 

Across the inner Firth (Figure 6.2B) glacially eroded bedrock is instead 

prevalent, but glacial streamlines are masked by the strike (mainly NE-SW) of the 

Dalradian metamorphic basement. Unambiguous ice-sculpted features as rock 

drumlins, grooves and streamed ridges present an elongated pointed shape, slightly 

tapering in a SW-WSW direction, and lengths in average shorter than 300 m (Figure 

6.4D and 6.5). The width and height of these features is dependent on the 

substratum, with higher or more developed ridges probably belonging to softer 

lithologies (e.g. limestones), less resistant to mechanical abrasion or quarrying. The 

best examples are provided in the area SE of Garbh Eileach (main Garvellachs 

island) where smoothed and elongated, 500-700 m long, <30m wide and 20 m high 

(Figure 6.6), rock drumlins outcrop in a deep basin excavated in Bonahaven 

dolomite strata (Roger Anderton pers. comm. 2014). This area is also subject to the 

tidal flows of the both the Grey Dogs Race and Corryvreckan (Howe et al., 2015); 

these energetic flows keeping the basin relatively sediment-free and providing the 

definition to the elongate and streamlined rock outcrops. 
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Figure 6.3 - Annotated seismic sparker lines. The location is shown in Figure 2A.
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Lack of preservation cannot account for the absence of extensive sediment 

streamlining in the area, as thick moraine deposits are well preserved in the northern 

sector, where tidal currents are strong. Overall, the geomorphological record of the 

Firth of Lorn is characteristic of an area inboard of the ‘onset’ of ice streaming 

(Anderson and Fretwell, 2008; Dove et al., 2015), where ice flow is not strong enough 

to impress a consistent and developed bedform alignment, and ice dynamics are 

influenced by basal lithology. 

 
Figure 6.4 - Geomorphological record of the inner Firth of Lorn. A) pattern of retreat moraines; B) 

moraine ridge pinned between bedrock outcrops; C) the Main Lorn Moraine; D) streamlined bedrock. 

 

Linear sediment ridges, irregular or arcuate, transverse to the sea loch axis and 

clearly distinct from the NW-SE oriented regular dike swarm from the isle of Mull, 

are interpreted as glacial moraines (Figure 6.4A, B, C). The moraines occur in the 

Inner Firth only from the isle of Seil northwards, and an especially dense record is 

preserved adjacent to the eastern coast of Mull, in proximity to Loch Don. The 

highest and longest moraine in the study area is a sediment ridge, up to 50 m high, 
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extending >3 km across from Mull, N of the entrance to Loch Spelve (Figure 6.4C, 

henceforth referred to as the Main Lorn Moraine -MLM).  

 
Figure 6.5 - 3D visualisation of seabed geomorphology of the inset area in Figure 4, offshore from Loch 

Spelve, Isle of Mull. 

 

This moraine was first noted by McIntyre (2012) and interpreted as the possible 

offshore extension of the onshore Loch Don proglacial deposits described by Benn and 

Evans (1993). Several attempts of coring the MLM and its front basin during the 

second cruise of this project have produced only bags of winnowed gravel. The very 

coarse material and lack of penetration indicates the presence of a possibly thick 

deposit of gravel and cobbles not too dissimilar from what is observed onshore (Benn 

and Evans, 1993). The moraine pattern is suggestive of a change in ice margin retreat 

rate across the study area. While the post-glacial sediment coverage leaves the glacial 

geomorphology of the outer Firth buried, there is a stark contrast between the virtual 

absence of moraine record in the southern part of the inner Firth, where bedrock is 

exposed, and the richness of ridges in the northern sector. The northern sector of the 

Firth is the narrowest of the study area, being only < 4 km across, supporting the 

interpretation that the ice margin was constrained and topographically ‘pinned’ 
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(Audsley et al., 2016; Dove et al., 2015; Finlayson et al., 2014) in this location, 

permitting the deposition of the moraine complex.  

 
Figure 6.6 - (left) Streamlined bedrock and crag-and-tails south of the Garvellachs.(right) drumlinoid 

feature and location of core GC162 

 

 

6.5.2. Sedimentology and stratigraphy 

 
In the following section the sediments sampled in the gravity cores are subdivided in 

four main Lorn Lithofacies (LLFs). The core logs are shown in Figure 6.7, 6.8 and 

6.9, while photographs of the facies are provided in Figure 6.10. The facies 

description is followed by its interpretation and a final correlation diagram is 

provided in Figure 6.11. 

LLF 1 – it is found in most of the cores as the top lithofacies, up to 1 m-thick but 

usually confined to 10-30 cm. It is a dark greyish brown (2.5Y 3/2) to light olive 

brown (2.5Y 5/3) massive, poorly-sorted soft muddy sand or sand, with layers of 

coarser grain size (up to medium pebbles) and very abundant broken biogenic debris, 

including echinoid spines, gastropods, scaphopod tubes, serpulids, but especially 

bivalve fragments. In all the cases electrical resistivity is consistently > 0.8 Ohm∙m 

while magnetic susceptibility gives values between 40 and 50 SI. Shell lags are 

observed in core 152, 153 and 162. In core 152, an initial layer of finely comminuted 

bivalve fragments grades (at 35 cm) into a poorly-sorted, clast-sustained massive shell 

lag, with specimens varying between complete valves (adults and juveniles) to very 
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fine shell fragments. At ~76 cm the material grades again into a finely comminuted 

lag, matrix-supported (fine sand) moderately well-sorted. LLF 1 is separated from the 

underlying units by a sharp unconformity, probably erosional. In some cores pods of 

LLF 1 material are found in the upper ~20 cm of the lower units, suggesting 

bioturbation. 

LLF 1 is interpreted as a recent regional sand and shell unit produced by the 

winnowing action of the strong tidal currents acting in the Firth of Lorn at present 

times. The different shell and sand layers in core 152 are probably caused by 

variation in seabed stress, although the cause for this is not clear. This lithofacies and 

associated unconformity is common all over the Inner Hebrides shelf, and it has been 

described by this author in cores GC 147, JC106_149 and 151VC (Chapter 3 and 4) 

and JC059_731PC (Chapter 5). 

LLF 2 – it is observed only in cores 148-156, in the outer Firth. This facies includes 

greyish-brown (10YR 4/2) homogeneous, thixotropic and soft sandy mud 

transitioning into massive grey (2.5Y 5/1) to dark greenish grey (10Y 4/1, Chart 1) 

firm sandy muds or muds, with average grain size between 20 and 50 µm. The 

lithofacies are characterised by frequent indication of bioturbation, scattered bivalve, 

echinoid or gastropod (mainly T. communis) fragments and occasional sulphide 

mottles and greigite clasts. In the firm muds, occasional intervals with increased 

sand, gravel and shell content are observed. An example is found in core 154GC; here 

a 25 cm interval of sulphide-rich sandy mud with scattered fine pebbles, fine shell 

fragments (and an entire valve of Chlamis islandica) is distinct from the 

homogeneous clayey silt. 
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Figure 6.7 - Core logs GC148-GC156 
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Figure 6.8 - Core logs GC157-GC160 
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Figure 6.9 - Core logs GC161 and GC162 

 

LLF2 corresponds to Holocene hemipelagites deposited in a low energy 

environment in the outer Firth, belonging to the upper sequence of the Jura Fm., and 

is comparable to material previously collected in the upper sections of BGS boreholes 

in the region (e.g. BH 71/09, Binns et al., 1974; Davies, 1984; Peacock et al., 2012). 

Colour transition is attributed to oxidation in the upper section of the cores, while 

the coarse poorly-sorted gravelly layers are interpreted as intra-formational scouring 

(Davies, 1984) or storm events. 

LLF 3 – this facies is found in cores in the inner Firth (from 157 to 161), close to 

morainic ridges described above. It consists of banded sequences of soft dark greenish 

grey (10G 4/1, Chart 2) clayey silt, 60- 65% silt, and brown (10YR 4/4) silty clay - 

up to 50% clay, which is plastic and cohesive. No macrofossils, either as entire or 

fragments, have been sampled from this LFF. Scattered outsize clasts, from pebbles 

to cobbles are present throughout the unit. Most of the clasts present clear striae on 

one or more sides. In cores 159 and 161, collected in front of moraines (Figure 6.4B 
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and 6.5) the largest clasts are all metasedimentary rocks. Notable are an angular 

grey-blue quartzite (220 g) and a striated fossiliferous green limestone (120 g). 

Contrarily, only igneous samples (basalts and diorites) were collected in core 157, 

sampled on the rocky slope E of Mull (Figure 6.5). Magnetic susceptibility values 

oscillate between 35 and 150 SI with frequent spikes up to 240 SI. In core GC159, a 

calculation of IRD wt.% reveals that the highest MS values observed are due to 

pulses of IRD (mostly slates or basalts), and correspond to doubling of > 500 µm 

proportions (from 2 to 4 wt. %). Gamma density varies between 1.8 and 3.1 g/cc, 

indicating different levels of compaction depending on the site. In general, the unit is 

soft and at times with high water content. The silty clays include laminae (from 0.1 

to 0.4 cm) of very fine to fine sand, continuous or pinching out forming small fine 

lenses (Figure 6.10, box). The laminae present either sharp boundaries or an 

erosional bottom contact and a more gradational upper contact. They are generally 

parallel to sub-parallel but some degree of deformation is observed, probably related 

to syn-depositional processes. The interval between 177 and 187 cm in core 158 

represents an exception, there the sandy laminae are convoluted, presenting erosional 

bottom boundary, and the brown clays show instead anastomosing and truncated 

lenticular shapes.  

Foraminifera analysis on three samples in core 159 and 161 (Table 6-2) 

revealed a scarcity of benthonic tests, focused in the > 63 µm < 125 µm fraction, 

with a maximum of 26 tests counted in the sample in GC161. Assemblages include a 

mix of cold and warm water taxa. E. clavatum is the most recurrent species, with C. 

reniforme, T. sagittula, A. beccarii and H. balthica. The small size of the Elphidii and 

the abraded, pyritised or broken nature of the other species suggests unfavourable 

conditions, possibly related to high sedimentation rates, and reworking or transport of 

the tests. 
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Figure 6.10 - Photographs of selected cores best representing the four LFA observed. 

 

LLF 3 is interpreted as a fully glacimarine unit, deposited in a proximal to 

distal environment influenced more by suspension-settling than iceberg rafting, even 

though IRD and large dropstones are frequent. The colour-banded clays and silts 

have been described in other Scottish fjordic areas in the past (colour-laminated clay, 

McIntyre, 2012; Stoker et al., 2009) might be caused by seasonal changes in 
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terrigenous input and tidal cycles sorting (Cowan and Powell, 1990). The fine coarse 

silt-sandy laminae, with sharp erosive boundaries are interpreted as turbidites, 

possibly originated from mass flow events (Ó Cofaigh and Dowdeswell, 2001). The 

low compaction and moderate water content suggests that LLF 3 was probably not 

deeply buried before the erosional event that separates it from LLF 1. Consequently, 

unless all the Lateglacial (~3 ka) strata were completely removed by Holocene 

bottom currents, the LLF 3 was deposited during the cold interval of the Younger 

Dryas. 

 
Table 6-2 - Foraminifera analysis for the Firth of Lorn cores 

Lithofacies 
Core 

ID 

Sample 
depth 
(cm) 

Benthonic 
number 

Dominant species 

LLF3 GC159 0.5 5 mixed cold and warm 

    1.5 1 E. clavatum 

  GC161 0.7 26 E. clavatum 

LLF4 GC160 0.45 0   

  GC162 0.55 0   

LLF5 GC162 0.55 49 E. albiumbilicatum; N. 
orbiculare; C. lobatulus 

        

 
LLF 4 – this facies is observed only in 3 cores, sampled in the largest basin W of 

Kerrera. LLF 4 is a dark grey (2.5Y 3/1) unit of finely laminated silt (70-75 %); it is 

firm, brittle and elastic. It presents discrete laminae or pockets of coarse silt to fine 

sand. Scattered angular to sub-angular gravel represents < 5% of total weight, and it 

is mostly composed of dark basaltic grains. Magnetic susceptibility values are above 

150 SI, while gamma densities are above 3 g/cc. Foraminifera analysis in two samples 

from core GC160 and 162 has yielded zero tests (Table 6-2), indicating an 

unfavourable habitat (Austin and Kroon, 1996). LLF 4’s relationship to the other 

facies is not fully constrained due to the limited sampling. LLF 4 is older than LLF 1 

as it is found under the erosional unconformity in all the cores. In cores GC157 and 

162 LLF 4 transitions into LLF 3, suggesting a conformable change in sediment 

supply and the establishment of the clay-silt colour-banded couplets.  
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LLF 4 was deposited in a glacimarine environment, under climatic conditions 

not dissimilar from LLF 3. The coarser material than LLF 3 and the absence of 

seasonal variations possibly suggest a position closer to the ice margin. 

LLF 5 – this lithofacies was recovered in only two cores (GC 161 and 162); it is a stiff 

shelly diamicton with various degrees of fine vs coarse fractions. In core 161, LLF 5 is 

a well-defined dark grey layer of gritty brittle silt (51% wt. > 125 µm), 

approximately 7 cm thick included in LLF 3 (Figure 6.10) and separated by it by 

sharp convoluted boundaries. 90% of the > 1mm grains in this unit are very angular 

and planar slate pebbles. 

In core GC162 LLF 5 is divisible in two sub-units: a clast-supported (56% wt. > 

125 µm) upper brown diamicton, rich in quartz grains, diverse biogenic debris 

(bryozoans, foraminifera, bivalve fragments and gastropods), and a lower brown-grey 

matrix-supported (14% wt. > 63 µm) diamicton, rich in mafics and with lower 

content of biogenic fragments (no foraminifera). The foraminifera assemblage in the 

brown diamicton consists of 49 tests (~9 tests/g), mostly composed by E. 

albiumbilicatum, N. orbiculare and C. lobatulus (Table 6-2). 

LLF 5 in core GC161 is interpreted either as a slump deposit from the moraine 

adjacent to the core site or as a rip-up clast dropped by an iceberg sourced from the 

mainland (where the slate crops out). Both diamictons in GC162 are instead 

interpreted as reworked marine deposits, although it is not possible to deduce with 

certainty if they represent subglacial conditions. Considering the closeness of core 

GC162 to a drumlinoid feature (Figure 6.6) it is possible that the diamicton 

represents part of the structure of such bedform. 
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Figure 6.11 - Correlation diagram of the Firth of Lorn cores. Only one core (GC151) from the outer Firth 

has been chosen as a representative of all the rest. 
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6.6. Discussion 
 

On the basis of the results from this study and the review of previous studies in the 

Firth of Lorn, a qualitative model of ice margin retreat can be produced (Figure 

6.12) and divided in three main phases. 

 
 

6.6.1. Phase 1: rapid calving in the outer Firth (~17.5-17 ka) 
 

After the late-Devensian glacial maximum at about 27 ka the ice margin withdrew 

across the shelf and reached the Firth of Lorn area (coastline of the Ross of Mull) 

approximately around 17.5 ± 1 ka (Small et al., 2017) (Figure 6.12). A minimum 

age of ~13.6 cal ka BP on a bivalve at the base of the Jura Fm. for the establishment 

of glacimarine conditions in borehole 71/09 (SE of Colonsay) was obtained by 

Peacock et al. (2012), who also discards previous older ages obtained by Harkness 

and Wilson (1974). Slightly older ages (14-14.5 cal ka BP) for the basal strata of the 

Jura Fm. have been obtained during this project (see Chapter 3). The apparent 

absence of Dimlington Stadial sediments from the location (present instead south of 

Islay, in Loch Indaal, Peacock, (2008) indicates that they have either not been laid 

down, or have been subsequently removed by erosion, i.e. an unconformity between 

the Jura Fm. and the underlying till or proglacial diamicton. 
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Figure 6.12 - Post-LGM ice margin retreat model for the Firth of Lorn
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As described in Chapter 3, the geomorphological evidence suggests a rapid decay 

of the Lorn tidewater glacier from Colonsay to the Isle of Seil. Pulses of ice-rafted 

debris delivered to the Barra Fan (Knutz et al., 2001; Scourse et al., 2009) support 

large discharges of icebergs from a rapidly retreating ice margin at 17.5 ka. 

The rapid deglaciation in the Firth at 17.4 ka is unlikely to have been 

climatically driven as the Greenland ice-core δ18O records do not show yet a rise in 

temperatures at this time (Rasmussen et al., 2008). The deep outer Firth basin and 

the rising RSLs at the time might therefore be the cause for the destabilisation of the 

ice margin, where a loss of glacial equilibrium is induced by mass calving that 

outstrips the rate of supply through precipitation over the ice cap. Stability is 

typically recovered through a narrowing or thinning of the calving margin.  

 
 

6.6.2. Phase 2: stabilization in the inner Firth (~17-16 ka) 
 

In the case of the Firth of Lorn, the shallower ground and buttressing effect provided 

by the narrowing passage of the inner Firth stabilised the ice margin, causing the 

formation of the consistent moraine retreat pattern described from Seil to the Isle of 

Lismore (line C, Figure 6.12). Analogous patterns are observed elsewhere in 

western Scotland. For example, data presented in Chapter 3 (also Dove et al., 2015) 

show different areas (Iona area, Sound of Jura and others) with series of minor 

transverse ridges between larger recessional moraines that are interpreted to be 

similar to De Geer moraines (cf. Lindén and Möller, 2005). A similar situation is 

observed in NW Scotland, where the ice margin stabilised at the present day 

coastline by about 16 ka and subsequent retreat was slower, driven by melting rather 

than calving (Bradwell et al., 2008a). 

A stillstand proposed by Benn and Evans (1993) in the Loch Don area (Isle of 

Mull) appears to have occurred during this period of slower ice retreat. These features 

were initially interpreted to be YD in age, and correlated with glacially deformed 

marine sediments at Kinlochspelve (12.3 cal ka BP, Gray and Brooks, 1972; Figure 

6.12). However, Benn and Evans (1993) identified two different landform-
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associations: a glacimarine delta complex and thrust moraines consisting of deformed 

sands and silts. Based on paleocurrent directions and provenance studies these 

authors deduce that the delta was created during the Lateglacial, with relative sea 

level at ca. +34 m OD, and that a concave and stable (tens of years) ice margin was 

surrounding the Loch Don area from the north. The cause of this long stability is 

suggested to be caused by decreased ice calving rates at the narrow channels between 

the islands and mainland. Comparing the altitude of the deposits to the RSL curve 

produced by the ROMS-Bradley model (Chapter 3) in the Sound of Jura, it is 

possible to estimate that the deltas were deposited sometime before 16.5 ka. 

From the bathymetric data, some of the moraines mapped offshore indicate ice 

flow to the SW, and may correlate with the glacial features around Loch Don. The 

MLM is the major feature mapped in the survey, its dimension is indicative of a 

prolonged stillstand, and as previously postulated by McIntyre (2012), it may be 

connected to the glacifluvial delta (margin D, Figure 6.12). However, the MLM is 

also positioned 4 km south of Loch Don, and no other feature, onshore or offshore, 

connects the moraine to the deltaic deposits. For these reasons a simpler association 

could be made with the ridges adjacent to Loch Don (margin E, Figure 6.12). 

A series of glacifluvial landforms along the Argyll coastline, named the Oban–

Ford moraine (originally interpreted as a stillstand period by Synge, 1966, belonging 

to stage M, see Charlesworth, 1955) represent brief and diachronous halts in the 

overall ice-margin recession (Gray and Sutherland, 1977) and are probably temporally 

close if not contemporaneous to the Loch Don assemblage. Albeit Gray and 

Sutherland state that it is difficult to relate ice limits to RSL, the deltas reach 36-40 

m above OD suggesting an ice limit older than the YD, related to the back-stepping 

of the ice margin onto the present coastline. Once more, comparing these figures to 

the RSL curve produced by the ROMS-Bradley model, it is postulated that the 

highest deltas were deposited sometime before 17 ka. Finally, in these deposits, the 

fall of RSL from ~41 to ~20 m OD (possibly linked to the rapid isostatic rebound 

between 16.5 and 15.5 ka) is accompanied by an ice front retreat of only 2-3 km 

(Walker et al., 1992), supporting the stabilisation hypothesis. 
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After the stillstand, the moraines record ice-margin retreat towards the Sound 

of Mull. The pattern transverse to the Sound indicates that this acted as a suture 

zone between the Isle of Mull ice dome and the ice flowing from the mainland. This 

suture zone was probably completely ice-free around the time of the deglaciation of 

Loch Sunart at 16.4 cal ka BP (Baltzer et al., 2010). 

 
 

6.6.3. Phase 3: ice-free conditions in the Lateglacial 
 

6.6.3.1. The Windermere Interstadial (14.7-12.8 ka) 

 

During the Windermere Interstadial from about 14.7 ka the ice sheet retreated to the 

centres of ice doming on the Highlands. Albeit recent studies have argued for the 

persistence of an ice sheet not much dissimilar in size to that of the later YD 

(Ballantyne, 2009; Bradwell et al., 2008a), most studies indicate that ice disappeared 

completely, apart perhaps from isolated corrie glaciers (Ballantyne 2012; Ballantyne 

and Stone 2012). Ice-free conditions during the WI have been inferred at 

Kinlochspelve on the Isle of Mull. The date of 12.3 ± 0.23 cal ka BP was obtained 

from mixed shell debris in an onshore moraine, leading to be interpreted as having 

been deposited during the interstadial and subsequently transported and reworked by 

glacial ice during the YD (Gray and Brooks, 1972). Peacock, (1971) and Peacock et 

al. (1989) described and dated relict sedimentary sequences relating to the last 

deglaciation near the mouth of Loch Creran. A sequence is described from a low 

exposed cliff at Balure, in which glacially disturbed marine clays are overlain by 

glacial deposits. Dates from a warm-water faunal assemblage recovered from these 

clays yielded radiocarbon dates of about 12.8-13.3 cal ka BP, indicating that this 

region was ice-free and relatively warm during the WI. 

 

6.6.3.2. The Younger Dryas (12.8-11.7 ka) 

 
During the Younger Dryas Stadial there was a return to full arctic conditions. This 

re-advance has been well documented by moraine and carbon-dated glacial deposits 
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from the SW Highlands and Mull, where it culminated around 11.7 ka (Ballantyne, 

2002a; Golledge, 2009; MacLeod et al., 2011; Small and Fabel, 2016). In Loch Linnhe 

the ice limit was thought to be as far south as Kentallen (Walker et al., 1992), 

however McIntyre (2012) indicated possible override of marine sediments by ice in 

the Shuna basin, moving therefore the ice limit ~14 km south of the accepted YD 

position and supporting (Golledge, 2010). In Loch Creran ice reached as far as 

Benderloch and in Loch Etive at Connel (Figure 6.12). On Mull a series of outlet 

glaciers developed from a main ice cap in the mountainous area; all the large end-

moraine complexes have been mapped near sea-level, at the terminus of glens and 

sea-lochs. Benn and Evans (1993) showed that the Loch Don sand moraine complex 

partly reflects YD glacitectonic deformation of Lateglacial glacimarine sediments into 

a belt of thrust moraines. The other large moraines on the island also lie below the 

marine limit at ca. 30–35 m OD, suggesting that these moraines also represent 

glacitectonic deformation of marine or raised beach sediments. The presence of 

marine shell fragments in the Loch Spelve moraine is consistent with this 

interpretation (Ballantyne, 2002a).  

According to these studies, the YD ice did not re-occupy the Firth of Lorn. The 

laminated and IRD-rich glacimarine facies described in this study is thought to have 

been deposited during this period, probably sourced both from the Mull glaciers and 

the Linnhe and Etive tidewater glaciers. These laminated sediments are lithologically 

similar to onshore deposits described by (Peacock, 1981) known as Clyde beds, 

although lack the faunal diversity. In the outer Firth of Lorn, Davies et al. (1984) 

mention cobble or boulder pavements developed near the modern seabed and 

represented on seismic record by hyperbolic diffraction. It is likely that LLF3 and 4 

sampled in this study correspond to the cobble layer mentioned. 

In ice-retreating conditions different glacifluvial deposits were formed around 

the Firth of Lorn; in the Loch Etive area one of the best systems of kame terraces in 

Britain is preserved. Kettled outwash spread, grading westwards to 12-13 m OD 

(indicating least relative sea-level during YD) from kame terraces is present in the 

Moss of Achnacree (Walker et al., 1992). These deposits contrast with the abundance 
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of evidence in the rest of Loch Etive of an active YD deglaciation (Audsley et al., 

2016), and may indicate a brief event of stagnation. Generally in Scotland during the 

YD, change in sediment supply, depositional environment, and the relative absence of 

features typical of widespread areal stagnation, such as kettled outwash terraces, 

eskers, kames and chaotic ice-marginal dump mounds, suggest glaciers retreated 

dynamically rather than decaying in situ (Benn et al., 1992; Golledge, 2010).  

 

6.6.3.3. The Holocene (from 11.7 ka) 

 
No absolute dating exists for the timing of ice withdrawal from the eastern part of 

the study area at the end of the YD. Radiocarbon dates and seismic data from Loch 

Etive (Howe et al., 2002; Nørgaard-Pedersen et al., 2006) and Loch Linnhe 

(McIntyre, 2012), however, constrain the onset of full interglacial sedimentation to 

between 10.1 and 10.4 cal ka BP.  

Higher bottom current energy during the Holocene, possibly corresponding to 

the marine transgression at ~7 cal ka BP (see Chapter 5), have winnowed and eroded 

the sediments of LLF 3 in the inner Firth of Lorn, transporting fine material to the 

offshore and probably partly re-depositing it in the form of LLF 2. The pebbly LLF 1 

in the inner Firth represents the remnants of the winnowed YD units. The grading 

into sand and mud to the top of LLF 1 suggests that, even if still high, energy has 

decreased in the late Holocene. 
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6.7. Conclusion 
 

This study establishes an ice-margin retreat framework for the Firth of Lorn after the 

LGM, based on new geomorphological and sedimentological data linked to past 

sedimentological and chronological studies in the region.  

The results indicate that the ice margin retreat in the Firth occurred in two 

distinct phases: a rapid retreat controlled by iceberg calving through the deep outer 

Firth, between 17.5 and 17 ka, and a slower episodic retreat in the shallow and 

narrow inner Firth, which produced a consistent pattern of retreat moraines similar 

to that observed in other fjords (e.g. Sound of Jura).  

Ice proximal to distal deposits represented by gritty laminated silty clays are 

sampled in the inner Firth and represent rapid sediment accumulation in arctic 

conditions during the Younger Dryas, when the Firth was ice-free but surrounded by 

tidewater glaciers from the ice domes on Mull and the mainland. These deposits are 

preserved in the outer Firth (Davies’s “boulder pavement”) but covered by thick 

sequences of hemipelagic muds. 

More chronological data, both onshore and offshore, is necessary to fully 

constrain the pace of retreat. 
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7. SYNTHESIS AND FUTURE WORK 
 

The four papers presented in this thesis address the three main research questions 

posed in Chapter 1. During the project the late Devensian geomorphological and 

depositional records preserved on the western Scottish Shelf have been explored using 

a combination of geophysical data, sediment core and geochemical analyses. The 

overarching goal was to study how this region of the BIIS evolved through the 

deglaciation stage of the last glacial cycle, from about 24 ka to 10 ka, and how this 

ice sheet responded to changing environmental conditions (e.g. climate, sea-level) and 

the underlying basement morphology. 

In this last chapter, the thesis questions will be answered in terms of the key 

findings obtained during the research, how these findings fill previous gaps in our 

knowledge and what are possible future lines of work, including key unanswered or 

only partially answered research questions. 

 

 

7.1. How dynamic was the Hebrides Ice Stream 

during the last deglaciation? How did the ice 

margin evolve? 
 

Ice mass geometry and flow configuration changed considerably during the 

deglaciation of the shelf after the LGM. The initial retreat from the shelf edge was 

driven by the intrinsic instability of a large marine-terminating ice margin, where 

relative sea level (Lane et al., 2014; Patton et al., 2016) and subglacial landscape 

(Matsuoka et al., 2015) play an important role in its stability and dynamics (Kleman 

and Applegate, 2014). The evolution of the western Scottish BIIS margin provides an 

analogue to the dynamics of the two main modern glacial environments: Antarctica 

and Greenland. The extensive marine Scottish ice margin at the LGM can be 

compared to the West Antarctica Ice Sheet, where ice shelves and open shelf 

circulation are important destabilising factors, whereas the Lateglacial ice sheet is 
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comparable to modern Greenland, where glacial ice interacts with the oceans via 

tidewater glaciers flowing into fjords.  

Ice-streaming during the period of maximum ice sheet extent (and thickness) 

was focused mainly towards the west, with flow independent of topography (apart 

from the “Mull Sanctuary”; Sissons, 1983), and it is determined by the direction of 

onshore striae, the distribution of erratics, and the orientiation of the major offshore 

troughs Chapter 3. This configuration probably also corresponds to the initial 

calving-dominated retreat across the outer shelf. Subsequent break-up of the HIS into 

different subordinate branches is linked to thinning of the margin and changes in 

basal thermal regime causing the formation of stable ice divides (or zones of cold-

based ice), which are associated with subglacial topographic highs. The submarine 

drumlin record on the inner shelf (Chapter 3, Paper 1) is suggestive of these changes, 

and ice divides were formed by the Coll-Tiree platform and the Isles of Islay, Mull 

and Jura. Ice flow was therefore focused through corridors of low-relief topography, 

which are the modern day sounds and sea-lochs. Clear examples of the transition 

between the first and second stage are given by the inter-lobate landform assemblage 

offshore of the Isle of Iona that indicates the detachment of an “Inner Hebrides 

trough/Mull” lobe from a “Firth of Lorn” lobe (Chapter 3). 

During the demise of the HIS, fine laminated sediments transported by 

meltwater plumes and deposited on the inner shelf originated mainly from the NW 

Highlands, as the product of erosion of the Moine and Torridonian basements 

(Chapter 4). These results indicate prevailing sediment input from the Sea of the 

Hebrides and Inverness-shire, either because of enhanced erosion and output of the 

northern ice lobe or because of tidal current directions. The absence of a strong 

Lewisian (Outer Hebrides) gneiss signature suggests that either gneisses are not easily 

mechanically pulverised and produce only coarser fractions, or prevailing ocean 

currents carried the material northwards. Dependence of Pb isotope ratios on grain-

size is supported by the fact that the analysed coarse grain fraction in the core 

diamictons is dominated by volcanic rocks, sourced from the Isle of Skye and Mull. 

Periodic spikes in 208Pb/204Pb point to pulsed increases from a high Th/U source, 
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identified as the Archaean amphibolitic Lewisian Basement in the Outer Hebrides. 

These periodic pulses point to a change in configuration (either ice and/or ocean 

currents) that allows material from the shrinking Outer Hebrides ice dome to reach 

the site. The Pb isotope records extracted from the FeMn oxyhydroxide fraction in 

the same sediments indicate a sharp decrease in radiogenic lead from ~20 ka. This 

decrease is interpreted to represent the break-up of ice-streaming around that time, 

and the consequent reduced export flux of continentally-derived FeMn oxyhydroxides 

to the shelf. Furthermore, the 208Pb/204Pb ratio shows an unusual inversion relative 

to the other radiogenic Pb isotope ratios, and is attributed to the introduction of 

secondary oxyhydroxide phases from competing sources with contrasting 208Pb/204Pb 

ratios (Chapter 4). These results present new complexities for FeMn oxyhydroxides 

studies on the continental shelf, and therefore unequivocal implications for ice-sheet 

dynamics cannot, at this time, be extrapolated.  

During the fjordic retreat, between 17.5 and 16 ka, topography (and water 

depth) and the dimension of the calving margin still exerted a considerable influence 

on the retreat dynamics. This is demonstrated by a contrast in the retreat style 

between the Firth of Lorn and Sound of Jura tidewater glaciers (Chapter 3 and 6). 

Stabilisation of the ice margin during deglaciation was related to the location of 

shallow bedrock platforms adjacent to the Inner Hebrides and in narrow sea-lochs, 

which facilitated pinning of the glacier margin between bedrock heights (Chapter 6 

and Paper 2). RSL probably played a particularly important role in this latter phase 

of ice retreat (between 16 and 15 ka), as isostatic rebound induced a rapid lowering of 

RSL that quickened the transition from tidewater to terrestrial-based glaciers 

(Chapter 3 and 6), and the substitution of calving-based retreat to that of melt 

driven-retreat. Large proglacial outwash fans in this transitional area, such as the one 

in Kilberry Bay or on Islay (Chapter 3) support this inference. 
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7.1.1. Future research  

 

Three main future lines of work, in the context of ice dynamics and deglaciation, are 

proposed. 

Firstly, although the recent advances in understanding of the HIS have led to a 

better understanding of ice retreat dynamics in this sector of the BIIS, the data 

coverage remains unfortunately patchy in several locations. In the mid-outer shelf the 

seabed is covered by thick accumulations of postglacial sediments, and the restricted 

coverage of shallow seismic data makes it impractical to draw any definitive 

conclusions regarding the glacial geomorphology. A seismic survey run parallel to the 

axis of main shelf troughs and focused on the identification of retreat features such as 

grounding-zone wedges, would improve the resolution considerably. Secondly, the 

geologically and isotopically distinct terranes of Scotland are ideal for geochemical 

provenance studies. The acquisition of new sediment cores with robust chronological 

constraints would help to unravel a local dynamic deglaciation history. The isotopic 

studies should be carried out in tandem with clay mineralogy analyses (e.g. 

Hillenbrand et al., 2009) and IRD counting, as the relationship between geochemistry 

and different grain-size contributions is a limiting factor. Such geochemical studies 

can be very beneficial also in other locations in Britain, as for example the North Sea, 

where much debate is ongoing about the timing of decoupling between Fennoscandian 

and British ice (Sejrup et al., 2016). Finally, a necessary consequent step is the 

application of numerical modelling in order to simulate the patterns of ice build-up, 

flow and retreat, which have been reconstructed in this study. The development of 

these models rely on inputs that correspond to field observations. An algorithm that 

manages to capture changes observed in geomorphological (e.g. moraine patterns) and 

sedimentological records, the caveat being they are interpreted correctly, will 

demonstrate its robustness and accuracy. A major problem is the restricted (or 

absent) information we have on key variables as past temperatures, precipitation 

series and RSL changes. These limitations must be carefully considered before 

accepting a model. This work is already underway through BRITICE-CHRONO. 
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7.2. Were there major standstills or re-advances 

during deglaciation? What was(were) the cause(s) 

of such events? 
 

This study shows evidence of the prolonged presence of the ice margin in several 

locations at different stages of ice withdrawal. In the Inner Hebrides Trough the 

Barra Fm. (Unit III, Chapter 3), which has been interpreted as a time-transgressive 

subglacial to ice-proximal deposit, forms a large grounding-zone wedge (GZW) 

constrained by the Tiree-Coll platform to the W and the Iona Lewisian inlier to the 

E, and is related to a period between 21 and 19 ka (Small et al., 2017). The 

formation of such a feature requires high rates of sediment delivery to an ice margin 

which has to be relatively stable for a lengthy period of time, possibly decades to 

centuries (Batchelor and Dowdeswell, 2015). Peaks in IRD flux between 22–16 ka at 

the Rosemary Bank are interpreted as a re-advance phase during the GS2 warming 

period (Scourse et al., 2009) and it is possible that this feature is related to such IRD 

discharge events. 

In the Sound of Jura (Chapter 3, Paper 1) and inner Firth of Lorn (Chapter 6) 

the dense succession of retreat and De Geer moraines indicates relatively slow retreat, 

and in some cases, as the Main Lorn Moraine (MLM) or the larger retreat moraines 

in the Sound of Jura, suggest prolonged stillstands of the ice margin. As described 

previously, a major stabilisation phase of the ice sheet occurred as the ice sheet 

underwent a transition from a marine to a terrestrial margin. Proglacial outwash in 

Kilberry and to the west of Jura has been related with phases of retreat slow-down 

and even stillstand (Chapter 3). All these features are inferred to have been deposited 

in a period from about 17.5 to 16 ka, after the East Antrim Coastal re-advance 

(EACR, McCabe and Williams (2012)) and before the Wester Ross re-advance 

(WRR, Robinson and Ballantyne (1979), dated at ~14.5 ka after Ballantyne et al. 

(2009) and Bradwell et al.. (2008)). The EACR is recorded by the SSW drumlin 

flowset mapped west of the Isle of Islay (Chapter 3), suggesting that the study area 

was still completely covered by ice at the time, and that Islay acted as an obstacle for 
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ice flow (ice doming area/sticky spot). On the other hand, in the geomorphological 

record of the sea-lochs (this study and Dove et al., 2015; Finlayson et al., 2014; 

McIntyre, 2012) there are no clear traces of the Wester Ross re-advance (Stoker et 

al., 2009), which has received special status as a significant ice margin extension of 

ice sheet retreat in NW Scotland. It is deduced that either the WRR was not a major 

event in southwestern Scotland or that its limits were subsequently reached by YD 

ice, and the geomorphological record of the WRR thus overprinted and/or removed. 

The stillstands and fluctuations of the western Scottish ice margin can be 

explained by one or a combination of two elements: adjustments in ice sheet 

dynamics to topographic control and external climatic or oceanic forcing. 

 

Ice sheet dynamics, such as basal sliding speed, direction and calving rate, are 

strongly influenced by the topographic controls (Jamieson et al., 2014; Katz and 

Worster, 2010). The majority of the inferred stillstands listed above are positioned 

very close to shallow ground, at topographically constricted passages between islands 

or in narrow sea-lochs (Paper 2). Such sites would have acted as pinning points for 

tidewater glaciers, reducing losses by calving and stabilizing the ice margin (Benn et 

al., 2007; Carr et al., 2015; Greene, 1992). Furthermore, the withdrawal of ice from 

the deep troughs on the mid-outer shelf would have reduced the capacity of ice 

streams to deliver inland ice to calving margins. 

The reduction of calving can alter the mass balance of ice-sheet drainage basins, 

possibly allowing periods of positive mass balance (and ice re-advance) until the 

margins adjust to different conditions (Benn and Evans, 2010; Greene, 1992). An 

example for this mechanism is inferred for the Firth of Lorn (Chapter 6). Rapid 

topographically-controlled calving, driven by the deep topography (>300 m) in the 

outer Firth, may have caused the Lorn tidewater glacier to retreat rapidly, even if it 

was in positive surface mass-balance. After the calving and draw-down event, the 

glacier could have acquired a strongly positive mass balance and very low calving 

rate(s), caused by the shallow subglacial topography and narrow island passage in the 
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inner Firth. These conditions are inferred to have been the cause for a re-advance and 

deposition of the Main Lorn Moraine.  

Finally, another dynamic mechanism that accounts for expansion of ice is the 

removal of constraints imposed by confluent ice masses. At the LGM, eastward, 

northward and southward flow from the Mull ice dome was prevented by the 

presence of thick ice draining from the Highlands through Loch Linnhe and the Firth 

of Lorn (Chapter 3 and 6). The recession of these tidewater glaciers, between 17 and 

16 ka may have allowed Mull ice to drain radially away from the high ground, 

although no clear patterns of moraines are observed. A similar dynamic retreat 

pattern was proposed by Finlayson et al. (2014) for the EACR, as the collapse of the 

Irish Ice Sheet and the ice divide over the North Channel permitted the 

encroachment from N to S of Scottish ice over Ireland. 

 

Climatic and oceanic forcing on a local or global scale is the second factor that 

can produce oscillations of the ice sheet margins. Different processes have been 

proposed in order to explain the destabilising effects of changing climatic and oceanic 

conditions at tidewater margins. Firstly, a direct causal relation can be drawn 

between increased ocean temperatures and higher rates of glacial melting, and hence 

retreat (Howat et al., 2010). More complex processes include:  

• elevated summer air temperatures enhance rates of surficial melting, which in 

turn increase hydrological fracturing in near-terminus crevasses that promote 

calving and retreat (Carr et al., 2015; Vieli and Nick, 2011); 

• decreased formation of sea-ice or loss of ice shelves in the proglacial waters 

leads to reduced buttressing of the glacial margin, accelerated flow of non-

floating ice near the coast and, consequently, increased losses from calving 

(Joughin and Alley, 2011; Vieli and Nick, 2011); 

• a rise in relative sea-level leads to ice margin flotation, reduced basal shear 

stresses and consequently higher relative contribution of longitudinal stresses 

to the force balance. Longitudinal stresses produce higher longitudinal 
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stretching rates, which together with dynamic thinning promote crevasse 

formation and vulnerability to calving (Carr et al., 2015; Schoof, 2007). 

• increased supply of meltwater to the subglacial bed-ice interface enhances 

basal sliding speeds and hence glacial thinning (Nick et al., 2009).  

Several studies show that glacial retreat is initially triggered by one or more of 

these external, climatic factors, and that only afterwards subglacial topography 

becomes the main controller of ice dynamics (Carr et al., 2015; Christianson et al., 

2016; Howat et al., 2010; Ward et al., 2016). The rapid response of tidewater glaciers 

to perturbations at their terminus, and the propagation of such perturbations long 

distances up the glacier, imply that short-term changes at the margin can lead to 

large and long-term modifications in mass balance and ice sheet dynamics (Howat et 

al., 2010; Nick et al., 2009). In this study, the greater exposure of the Firth of Lorn to 

North Atlantic waters, compared to the more restricted water exchange in the Sound 

of Jura, might be the initial trigger for the Firth’s glacier quicker retreat. 

In Greenland several studies have shown that tidewater dynamics vary 

seasonally; calving rate slowdown in winter favours glacial advance, while meltwater 

due to the drainage of supraglacial lakes and crevasses can lead to increased glacial 

flow velocities in summer (Howat et al., 2010). A location from this study that can 

reflect seasonal changes is the Sound of Jura, where a dense succession of De Geer 

moraines indicates steady retreat punctuated by minor readvances, in agreement with 

the “stabilizing” geometry of the fjord, which becomes shallower up-glacier and with 

the Isle of Jura and Kintyre creating a buttressing effect (Chapter 3). Assuming that 

De Geer moraines form annually (Bouvier et al., 2015) this corresponds to an 

approximate retreat rate along the Sound of Jura of around 100 m a-1, similar to that 

proposed by Finlayson et al. (2014) for Kintyre and Arran. Of particular interest are 

the 22 larger retreat moraines in the Sound of Jura, which occur at a semi-constant 

spacing that ranges from between 0.7 and 2 km, with 10-15 minor De Geer ridges in 

between them. Such bedform association is similar to that of surging glaciers in 

Svalbard (cf. Flink et al., 2015; Streuff et al., 2015), however they are difficult to 

interpret in the absence of chronological control. 
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Climatic triggers are difficult to isolate in the palaeoclimatic records, especially 

events prior to GI-1 (as is the case for most of the moraines in this study) when 

onshore and offshore biostratigraphy is limited by harsh climatic conditions and ice 

extent (e.g. Graham et al., 1990). Evidence for brief cold episodes superimposed on 

general climatic warming have been recognised in biostratigraphic records for the 

Lateglacial period (Austin and Kroon, 1996; Baltzer et al., 2010; Kroon et al., 1997; 

Tipping, 1991). A climatic cause for the WRR is proposed by Ballantyne et al. 

(2009), who suggested that the re-advance occurred during the GI-1d (Older Dryas) 

event of ca 14.1–13.9 ka, when mean July temperatures inferred from chironomid 

assemblages in SE Scotland dropped from ~12.7 °C to ~7.8 °C and then recovered to 

~11.7 °C (Brooks and Birks, 2000). An alternative climate-independent cause is, 

however, also proposed: rapid offshore calving followed by the reduction of ablation 

areas and stabilization of ice margins in shallow water, then readvance as sediment 

accumulated at the ice margin, reducing calving (Ballantyne et al., 2009).  

A broader perspective on climatic oscillations is provided by Greenland ice cores 

(Lowe et al., 2008; Rasmussen et al., 2008). These records show that the last 

glaciation was characterised by the Dansgaard-Oeschger events, a series of warm-cold 

oscillations superimposed on longer-term cooling cycles (Bond et al., 1993; Dansgaard 

et al., 1993). At the end of each longer-term cooling cycle, harsh stadial conditions 

abruptly terminated with Heinrich events which was then followed by a prompt 

return to interstadial conditions (Hemming, 2004). These events have been related to 

the cyclical advance of the Hudson Strait ice stream of the Laurentide Ice Sheet, 

resulting in enhanced calving and delivery of enormous volumes of ice into the North 

Atlantic (Bond et al., 1993). The massive influx of surface freshwater was probably 

the cause for a decrease of North Atlantic salinity and the reduction in intensity of 

AMOC circulation (it is unlikely that it shut down completely, see Howe et al., 

(2016) and Lippold et al., (2016)), hence influencing the climate of the entire region 

(Bond et al., 1993). The most recent and prominent Heinrich event -H1- has been 

dated to ca. 16.8 ka (Hemming, 2004) and corresponds to peaks in IRD fluxes on the 

Barra Fan (Knutz et al., 2001; Peck et al., 2006; Scourse et al., 2009). These authors 
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have interpreted these IRD peaks as indicating a major re-advance of the western 

BIIS, and it might be related to re-advance observed onshore on Ireland (McCabe et 

al., 1998; McCabe and Williams, 2012), and the drumlin patterns west of Islay 

(Chapter 3).  

 
 

7.2.1. Future research  

 

The reconstruction of glacial stillstands and re-advances could significantly benefit 

from more dating activity. During the course of this research numerous attempts 

have been made in order to collect material useful for radiocarbon dating of moraines, 

especially in the Firth of Lorn and Sound of Jura. Unfortunately the inclement 

Scottish weather and the gravelly superficial unit in the sea-lochs (Chapter 5 and 6) 

hampered the collection of complete glacimarine successions with a gravity corer. 

Future work will have to overcome the penetration issue in these locations with the 

employment of a vibrocorer. 

It has been previously demonstrated - and the work carried out in this study 

strongly validates this, that the use of multibeam bathymetric mapping is critical to 

the identification of submarine moraines, as diamict and bedrock are often hardly 

distinguishable on seismic profiles (Boulton et al., 1981; Davies et al., 1984; Stoker et 

al., 2009). This similarity hinders the exact determination of individual ridges. On the 

contrary, MBES imagery and 3D visual environment software make this distinction a 

relatively easy task. Further development of our understanding of glaciation in 

western Scotland (and elsewhere on marine margins) depends strongly upon the 

availability and resolution of high-quality MBES data from the continental shelf (cf. 

Bradwell and Stoker, 2015; Ó Cofaigh, 2012). Interpretations on the extent and flow 

direction of the LGM ice sheet will have to be carefully assessed, as the possibility of 

survival through repeated glacial-interglacial cycles of major subglacial bedforms (e.g. 

grounding-zone wedges or mega-scale glacial lineations) cannot be excluded. 
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Finally, refined Quaternary mapping could be valuable for engineering and 

construction purposes, providing information on the distribution of well-consolidated 

sediments or mobile modern sand. 

 

 

7.3. How did the paleoenvironment of offshore 

western Scotland respond to the changing 

conditions during the Lateglacial? 
 

The integrated record of sediment cores from the Muck Deep and Firth of Lorn 

provides a detailed picture of palaeoenvironmental transitions from the Lateglacial to 

the present days. Overall this work has documented the following environments: 

Massive brown-red diamictons and colour-stratified, laminated muds with 

different proportions of IRD are indicative of glacimarine conditions (Chapter 5 and 

6). The diamictons were deposited in proximal conditions, and may even represent 

morainic material. The laminated muds indicate a proximal to distal location where 

deposition was dominated by suspension settling from meltwater plumes, semi-diurnal 

tidal action causing fine lamination, seasonal grain-size variations leading to colour-

stratification, mass flows producing sandy turbidites, and iceberg-rafting. They are 

characterised by absence of macrofossils and a low-diversity benthic fauna (E. 

clavatum and C. reniforme). In the Muck Deep these sediments were probably 

deposited shortly after the ice margin withdrew from the area, around 17 ka (MCU 8 

and 9, Chapter 5). In the Firth of Lorn the proximal to distal deposits (LLF 3 and 4, 

Chapter 6) are interpreted as Younger Dryas in age, when the Firth was surrounded 

by tidewater glaciers from the Isle of Mull, Loch Linnhe and Loch Etive and are 

similar to the onshore Clyde Beds (Peacock, 1981). 

In the eastern Muck Deep the Younger Dryas sediments comprise fining-upward 

sandy muds (MCU 4) with cobble-sized dropstones; the benthic foraminifera 

assemblage is dominated by the cold water species E. albiumbilicatum. The deposits 

are dated between 11.7-11.3 cal ka BP and are indicative of high sedimentation rates. 

These dates support a suggested prolonged glacial occupancy in western Scotland, 
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until the latest stages of GS-1. In the same location, the transition from a paraglacial 

to a more stable, possibly vegetated landscape is indicated by an erosional boundary 

dated between 10.8 and 11.3 cal ka BP. Here the diminishing supply of glacially 

eroded terrigenous material is replaced by abundant biogenic debris, and a shift to 

warm water benthic foraminifera taxa (Chapter 5). 

The modern Scottish shelf is characterised by a modern heterogeneity of bottom 

current velocities, and such conditions also seem to have been persistent in the past, 

when stronger tidal currents and glacial meltwater influenced shelf circulation 

(Scourse, 2013). For example, 11.7-10 ka-old sandy sediments at 200 m water depths 

in the southern Muck Deep show upward-fining cycles and a mid-core erosional 

unconformity. Such structures are not preserved in the western Muck Deep, where a 

continuous succession of mud is unaffected by changes in environment energy until 

the late Holocene (Chapter 5). A regional erosional unconformity and gravel lag, 

indicating increasing energy in the late Holocene (from 7 ka), at the end of the 

marine transgression, appears to be the only transition observed in all the cores 

(MCU 1 and LLF 1, Chapter 5 and 6), and it is interpreted as the onset of modern 

oceanographic conditions. 

 

 

7.3.1. Future research  

 
The western Scottish shelf preserves thick sedimentary sequences that have been 

interpreted to date back to the Eemian (Davies et al., 1984). The work presented in 

this thesis could be applied over a much larger scale using BGS datasets (boreholes 

and cores), combining sedimentology, micropaleontology, radiocarbon dating and 

geochemical analysis. Such studies are very limited on the western shelf (Graham et 

al., 1990; Peacock, 2008; Peacock et al., 2012) and the existing work does not focus 

on pre-Devensian sediments. A well-planned study could greatly improve the 

palaeoenvironmental, shelf oceanographic and ice dynamics reconstruction of the last 

interglacial-glacial-interglacial cycle, and additionally could resolve the stratigraphic 

uncertainties on the western shelf. 
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7.4. Conclusions 
 

The main objective of this thesis was to examine how the last BIIS on the western 

Scottish shelf evolved and interacted with the changing climate and the underlying 

landscape after the LGM. The ice sheet and HIS left a palimpsest of landform and 

sediment record that was extensively mapped and examined. Studying this composite 

geomorphological, sedimentological and geochemical record, the build-up, flow 

dynamics, and retreat style of the HIS have been reconstructed. The following 

conclusions, resolving some of the outstanding questions on western Scottish 

deglaciation, are drawn: 

• The growth of the HIS over the Malin and Hebrides shelf altered considerably 

the flow regime of the BIIS in western Scotland, forcing ice flow near 

perpendicular to the main topographic passageways. Onshore erratic pathways 

and striations represent this period of maximum ice sheet extent and 

thickness, but the dominant ice flow direction as reconstructed from 

streamlined bedforms on the shelf is different. Flow parallel streamlined 

bedforms were produced during retreat when the ice sheet was 

topographically-restricted, and they indicate a general SW-NE direction with 

variations interpreted reflecting as local switches in ice sheet dynamics. 

• Topography played a critical role in ice sheet evolution and dynamics during 

the deglacial stage. Topographic relief under the HIS influenced the positions 

of ice divides, while migration of ice divides and thermal boundaries was 

focused through subglacial topographic lows. At the scale of individual 

tidewater glaciers, topography mostly determined stillstand positions of the 

margin at pinning points, which in turn influencied spatial patterns of ice 

response to climatic change. 

• Between 21 and 15 ka, sediments transported by meltwater plumes and 

deposited on the shelf were the product of erosion of Neoproterozoic 

metasedimentary basement, while the coarse fraction is instead dominated by 

island igneous rocks. These results indicate prevailing sediment input from the 
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Sea of the Hebrides and Inverness-shire, either because of enhanced erosion 

and output or because of tidal current directions. Pulses of material from a 

high Th/U source are instead related to the shrinking independent ice dome on 

the Archaean Lewisian basement in the Outer Hebrides. 

• Ice marginal features suggest a three-stage retreat pattern: i) ice stream 

margin retreat punctuated by standstills (GZWs), ii) topography-controlled 

fjordic retreat, with evolution from a coherent ice-sheet to separate fjord 

tidewater glaciers, and iii) stabilisation at the transition from tidewater to 

land-based ice margins. 

• On the inner shelf, Lateglacial sediment deposition was strongly influenced by 

shelf currents and shows wide variation, even locally. Therefore, the seismic 

and sedimentological interpretations of these deposits need to be considered 

only on a local scale. 

• Glacimarine sandy deposits in the Muck Deep region support the “canonical” 

view of a prolonged glacial occupancy in western Scotland, until the latest 

stages of GS-1. 

Together these findings represent the GLANAM contribution to our 

understanding of the last deglaciation of the western Scottish shelf. The thesis 

demonstrates the complex interactions between BIIS evolution, subglacial landscape 

and ocean dynamics, and demonstrates the need for new high-resolution geophysical 

and sedimentological surveys to examine the shelf environment of modern ice sheets, 

in order to predict their long term behaviour. Some of the outcome of this research 

can be useful to inform the future numerical reconstructions of the BIIS by the 

BRITICE-CHRONO project, which in turn can be used as a benchmark to assess and 

improve models for modern ice sheets. 
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a b s t r a c t

We use ~7000 km2 of high-resolution swath bathymetry data to describe and map the submarine glacial
geomorphology, and reconstruct Late Pleistocene ice sheet flow configurations and retreat dynamics
within the Inner Hebrides, western Scotland. Frequently dominated by outcrops of structurally complex
bedrock, the seabed also comprises numerous assemblages of well-preserved glacigenic landforms
typical of grounded ice sheet flow and punctuated ice-margin retreat. The occurrence and character of
the glacially streamlined landforms is controlled in part by the shallow geology and topography, however
these factors alone cannot account for the location, orientation, and configuration of the observed
landforms. We attribute the distribution of these elongate streamlined landforms to the onset zone of the
former Hebrides Ice Stream (HIS) e part of a major ice stream system that drained 5e10% of the last
BritisheIrish Ice Sheet (BIIS). We suggest this geomorphic signature represents the transition from slow
‘sheet flow’ to ‘streaming flow’ as ice accelerated out from an environment characterized by numerous
bedrock obstacles (e.g. islands, headlands), towards the smooth, sediment dominated shelf. The majority
of streamlined landforms associated with the HIS indicate ice sheet flow to the southwest, with regional-
scale topography clearly playing a major role in governing the configuration of flow. During maximal
glacial conditions (~29e23 ka) we infer that the HIS merged with the North Channel-Malin Shelf Ice
Stream to form a composite ice stream system that ultimately reached the continental shelf edge at the
Barra-Donegal Trough-Mouth Fan. Taken collectively however, the pattern of landforms now preserved
at seabed (e.g. convergent flow indicators, cross-cutting flow sets) is more indicative of a thinning ice
mass, undergoing reorganization during overall ice sheet retreat (during latter stages of Late Weisch-
selian glaciation). Suites of moraines overprinting the streamlined landforms suggest partial stabilization
of the HIS prior to the ice sheet retreating to more isolated, topographically confined troughs and basins.
Retreat from the shelf towards, and back into the Inner Hebrides may have been rapid due the prevalence
of overdeepened troughs. Within the near-shore fjord-like troughs and deeps, basin-aligned streamlined
landforms indicate the subsequent flow of thinner topographically partitioned ice masses, and over-
printed moraines record further ice margin retreat, potentially along tide-water margins. This work
provides the first geomorphological constraints for this large marine-influenced sector of the former BIIS.
We also shed new light on the glacial geomorphic record found at the transition from terrestrial to
marine continental-shelf settings, and examine the interplay between substrate geology, bed topog-
raphy/bathymetry, and grounding-line positions e relationships which are important for characterizing
contemporary marine ice sheet margins.

© 2015 Elsevier Ltd. All rights reserved.
Riccardo.Arosio@sams.ac.uk
well@stir.ac.uk (T. Bradwell),
1. Introduction

Empirically derived ice-sheet reconstructions based on the
extant glacial landform record are important for refining and
constraining glaciological models which can in turn help to explain
oceaneatmosphereecryosphere interactions over millennial
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timescales (e.g. Boulton and Hagdorn, 2006; Hubbard et al., 2009;
Pollard and DeConto, 2009). Ice streams are of particular interest
within the glaciological system as they act as high flux corridors
facilitating the discharge of the majority of an ice sheet's mass via a
tributary network (e.g. Bamber et al., 2000; Truffer and Echelmeyer,
2003; Bennett, 2003). Contemporary studies in West Antarctica
show that these ice stream systems are undergoing rapid change,
partly driven by the migration of grounding-line positions, which
may fundamentally alter the ice sheet's dynamic behaviour within
marine sectors (e.g. Favier et al., 2014).

Several major ice streams have been identified within the
former (Pleistocene) BritisheIrish Ice Sheet (BIIS) based on a
combination of onshore and offshore geomorphological mapping,
although knowledge is still lacking for key marine sectors owing to
a paucity of data. One such area is offshore the central west coast of
Scotland discussed in this manuscript, stretching from Skye in the
north to Islay in the south and encompassing the ice divide (or
saddle) between the Scottish and Irish ice-mass centres (Figs. 1 and
2). Research on the glacial history of the west coast of Scotland
spans back at least 150 years (Geikie, 1863), however detailed
Fig. 1. Regional bathymetry with Inner Hebrides study area delineated in red. Palae-
oglaciological reconstruction modified from Howe et al. (2012) where hypothesized ice
stream flow paths and trough mouth fan extents were derived from Stoker et al.
(1994), Sejrup et al. (2005), Bradwell et al. (2007), Scourse et al. (2009), and Dunlop
et al. (2010). Proposed LGM limit taken from Bradwell et al. (2008). Ice stream onset
zones proposed by Howe et al. (2012) are shown in blue (observed landforms) and
orange (hypothesized) shading. Hebrides Ice Stream (HIS); Minch Ice Stream (MIS);
Barra Donegal Fan (BDF); Sula SgeirFan (SSF). Bathymetry from GEBCO and BGS Dig-
Bath©NERC. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 2. High-resolution swath bathymetry data from the Inner Hebrides study area
combined with NEXTMap digital terrain model. Insets for Figs. 3e6 indicated by black
boxes. Bathymetry data provided courtesy of the Maritime & Coastguard Agency's UK
Civil Hydrography Programme ©Crown copyright. Terrestrial topography data derived
from Intermap Technologies NEXTMap Britain elevation data.
studies of past glaciation have been until recently, focused pri-
marily on terrestrial observations and data (e.g. Gregory, 1927;
Dawson, 1982; Sissons, 1983). Not surprisingly, the scarcity of
suitable marine data has limited researchers' ability to characterize
the incursion of ice into the marine realm. And while a detailed
description of offshore Quaternary deposits alongside a seismo-
stratigraphic framework was established for the Inner Hebrides
by Binns (1974) and Davies et al. (1984), this analysis pre-dated the
more recent understanding of how ice streams govern ice-sheet
drainage (e.g. Stokes and Clark, 2001), and of their impact on
mass balance through dynamic binge/purge cycles (e.g. Hubbard
et al., 2009).

It is the application of improved glaciological theory together
with the increasing availability of high-resolution marine
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geophysical data which has enabled researchers to more accurately
reconstruct the extent and dynamics of glaciation on both currently
(e.g. Jamieson et al., 2012), and formerly glaciated continental
margins (e.g. Todd et al., 2007; Andreassen et al., 2008; Jakobsson
et al., 2014). Bathymetry data in particular have been instru-
mental in advancing our understanding of marine-occupying ice
sheets, particularly where acquired over extensive geographic
areas. High-resolution swath bathymetry allows researchers to
view the seabed as a continuous resolved surface (~50 cme20 m
horizontal resolution depending on depth) which may be inter-
preted using well-established geomorphological techniques (e.g.
Clark, 1997; Hubbard and Glasser, 2005). Bathymetry data also
bring further value to interpreting co-registered or legacy seismic
and core data, where seabed morphology may draw attention to
otherwise undescribed or unnoticed sub-seabed glacigenic fea-
tures. As approximately two thirds of the BIIS was probably marine
based during the Last Glacial Maximum (Clark et al., 2012), this
approach is of increasing importance for understanding the glacial
history in and around the British Isles.

While a large convergent flow system has been tentatively
proposed for this sector of the BIIS (draining the high ground of NW
Ireland, western Scotland and the Inner Hebrides, and terminating
at a large Pleistocene sediment depocentre on the continental shelf
e the Barra-Donegal Fan) (Fig. 1) (Stoker et al., 1994; Bradwell et al.,
2008), these conceptual models have only recently been supported
and refined by in situ data. Bathymetry and shallow seismic data
have shed important new light on the ice-flow configuration in the
region offshore NW Ireland and on the Malin Shelf (Dunlop et al.,
2010; �O Cofaigh et al., 2012) and further north in the Sea of the
Hebrides (Howe et al., 2012).

This paper addresses a key data gap between Ireland and the Sea
of the Hebrides, and in particular explores the transition zone from
terrestrial to marine continental-shelf setting. By adopting a sys-
tematic geomorphological approach to map the seabed within the
Inner Hebrides of western Scotland, we examine the glacial land-
form evidence revealed in a large bedrock-dominated area of
seabed (~7000 km2); reconstruct the pattern of ice flow and
deglaciation; and test recently proposedmodels of glaciation in this
important marine-influenced ice-sheet sector (Fig. 2) (e.g.
Finlayson et al., 2014; Dunlop et al., 2010).

1.1. Setting

Within the marine environment of the Inner Hebrides, the
Quaternary stratigraphy has not been significantly revised since
Davies et al. (1984), who utilized the first systematic geophysical
and coring survey data around the Inner Hebrides. They observed
several regionally persistent seismostratigraphic units overlying
bedrock, that likely incorporate pre-Weichselian, Weichselian, and
Holocene sediments (Fig. 3). Age control is poorly constrained in
the region due to the scarcity of samples, and contamination by
sediment reworking within the samples (from glacial, and more
recent hydrodynamic regimes). The few existing radiocarbon dates
from within glacigenic sediments come from a single seismos-
tratigraphic unit, Jura Formation, and suggest deposition from Late
Weichselian through to the Holocene (~16 kae10 ka) (Harkness and
Wilson, 1974; Peacock et al., 2012). Ages of older stratigraphic units
were simply inferred by Davies et al. (1984), extrapolating down
section using stratigraphic principles, and hypothesizing links to
regional palaeoceanographic events.

The acoustically well-layered Jura Formation is interpreted to
have formed in dynamic glacimarine (possibly Younger Dryas) and
marine setting, with notably fewer dropstones than the underlying
Barra Formation, which is acoustically distinct. The silty clays of the
Barra Formation are interpreted to have accumulated rapidly
following glacial recession, and are in turn underlain by the Heb-
rides Formation, a diamict interpreted as glacial till. This till unit
was also recognized by Boulton et al. (1981), and is thin, discon-
tinuous, and commonly preserved within localized structural ba-
sins. Of particular interest for understanding the glacial history of
the region is a laterally extensive erosion surface which separates
the Hebrides Formation from an underlying glacimarine unit
termed the Stanton Formation. Davies et al. (1984) acknowledged
that this erosional surface can be traced far onto the continental
shelf, potentially indicating that Scottish mainland-sourced ice
reached the shelf break during full glacial conditions. Despite also
observing several large ~SWeNE oriented valleys cut further into
underlying units, they instead preferred the interpretation that the
majority of the ice flowed south towards the Irish Sea and English
Midlands, reverting to results from terrestrial geomorphological
studies (Sissons, 1983). Fyfe et al. (1993) applied this stratigraphic
model as part of a regional mapping effort, but also importantly
observed that the topography of the prominent erosion
surface indicates that ice flowed southwest across the Inner
Hebrides area.

More recently, Howe et al. (2012) shed new light on the Davies
et al. (1984) model by linking the proposed Quaternary stratigraphy
to landform assemblages mapped from high-resolution swath ba-
thymetry in the Sea of Hebrides, a subset of the data presented
here. Observing an array of glacigenic landforms and large over-
deepened basins, Howe et al. (2012) proposed that an ice stream
drained a large sector of the western BIIS, flowing southwest before
turning west around the Outer Hebridean platform towards the
shelf break, and ultimately terminating at the Barra-Donegal Fan
(Fig. 1). Using the geomorphic evidence available at the time, they
postulated that the onset zone of this ‘Hebrides Ice Stream’ was
located within the Inner Hebrides. While not analyzing newmarine
data, Finlayson et al.'s (2014) synthesis of glacial geomorphological
data from SW Scotland and the North Channel has implications for
BIIS dynamics within this important marine-influenced sector.
They propose a sequence of events whereby ice flow switched from
southward to westward and back, during various stages of Mid to
Late Weichselian glaciation. Combining existing and new geomor-
phic constraints together with all available chronological data, this
step-wise reconstruction utilizes the elevation of geomorphic ob-
servations to differentiate between key phases of ice-sheet flow
and retreat within the region.

Farther offshore more distal evidence of glaciation(s) has been
identified which impacted the Inner Hebrides. Whilst there was a
glaciologically independent ice cap occupying the Outer Hebrides
(e.g. Stone and Ballantyne, 2006), it has been shown that the BIIS
reached the continental shelf edge during the last glacial period,
through a combination of studies employing core-seismic associ-
ations (e.g. Stoker et al., 1994; Sejrup et al., 2005), geomorphology
based on medium-resolution ‘Olex’ bathymetry (Bradwell et al.,
2008; Clark et al., 2012), and palaeoceanographic studies investi-
gating the occurrence of ice-rafted debris (IRD). Analysis of IRD in
sediment cores is widely used as a proxy for the enhanced activity
of amarine-terminating ice margin, although debates still surround
key processes (e.g. the glaciodynamic processes that lead to calving
events and their exact relationship with spikes in IRD production).
Analysis of sediment cores adjacent to the former BIIS, from the
Barra-Donegal Fan, used multiple IRD finger-printing techniques to
identify which mineral components relate primarily to BIIS vs.
Laurentide Ice Sheet iceberg delivery (e.g. Knutz et al., 2001;
Scourse et al., 2009). These studies indicate that major growth of
the BIIS occurred from ~29 ka, reaching its maximum extent at
~27 ka (Fig.1). Significant iceberg discharge events from the BIIS are
recorded in IRD from27 ka onwards, followed by amarked decrease
from 23 ka (Knutz et al., 2001; Peck et al., 2007).



Fig. 3. Quaternary seismic stratigraphy according to Davies et al. (1984) and Fyfe et al. (1993). This simplified stratigraphic diagram is presented along an arbitrary EeW profile, and
is modified from British Geological Survey (1987). Interpreted formation ages remain tentative due to sparse chronological control in the region.
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2. Data and methods

In this study we utilize a large compilation of vessel-based
swath bathymetry to map the glacial geomorphology of the
seabed within the Inner Hebrides (Fig. 2). To further inform this
mapping we analyse legacy BGS seismic data revealing the shallow
sub-seabed. NEXTMap airborne radar data provide high-resolution
topography data along the adjacent coast for context.

The vast majority of the ~7000 km2 of near-continuous swath
bathymetric coverage from Skye in the north to Mull of Kintyre in
the south was acquired for the Maritime & Coastguard Agency's
(MCA) Civil Hydrography Programme (CHP). This forms part of an
ongoing survey programme co-ordinated by the UK Hydrographic
Office to update nautical charts, and improve safety at sea in UK
waters (https://www.ukho.gov.uk/AboutUs/Pages/
HydrographicNotes.aspx). The study area incorporates Hydro-
graphic Instruction survey areas: 1257, 1297,1298,1299,1329,1362,
1354, 1364, and 1371. Bathymetry surveys conducted on behalf of
the CHP were acquired to the International Hydrographic Organi-
sation (IHO) Order 1a from multiple vessels between 2008 and
2013, using several different echosounding transducers (both
multibeam and interferometric systems). Post-acquisition data
processing routines also varied by survey, however many contrac-
tors exploit the Combined Uncertainty and Bathymetry Estimator
(CUBE) (Calder and Mayer, 2003) module within Caris HIPS and
SIPS along with manual swath editing. Bathymetry data on the
Canna High were acquired by the British Geological Survey (BGS)
with the initial purpose of mapping benthic habitats to underpin
the designation of Marine Protected Areas (http://www.snh.gov.uk/
docs/A1034852.pdf).

We have compiled these bathymetric survey datasets and
nominally gridded the data to 5m resolution using QPS Fledermaus
software, exporting to floating point geotifs. The bathymetry data
were further stitched together with NEXTmap topographic radar
data (also 5 m resolution) in ESRI ArcGIS to form a near-continuous
onshore-offshore digital elevation model (Fig. 2). We use the term
‘near-continuous’ as there remains a narrow band of unsurveyed
seabed within near-shore waters, typically in water less than
5e10 m depth where vessels were unable to access.

Glacigenic landforms at seabed were manually delineated using
ESRI ArcGIS software, interpreted from the swath bathymetry and
derived properties (hillshade, slope, rugosity). To assist interpre-
tation the data were also analysed in a 3D visualization environ-
ment using Geovisionary software whereby illumination and other
data presentation variables can be rapidly adjusted. Seabed
landforms were mapped as polygons (delineating base of slope)
rather than lines where possible to assist in morphometric analysis
and to potentially examine morphometric variation along hy-
pothesized glacial flow lines. This involved re-mapping some
landforms previously presented in Howe et al. (2012) where many
landforms were represented by lines only. Landforms were also
divided into a simple compositional classification scheme (Bedrock
and Bedrock dominated, Sediment and Sediment dominated) to
potentially enhance our understanding of formation processes
(Stokes et al., 2011), but also to ensure the wider applicability of the
resulting seabed maps.

Landform composition was interpreted according to two pri-
mary criteria:

1 Where available, legacy BGS shallow seismic-profile data were
consulted to determine whether landforms are sediment cored
or bedrock cored, or a combination of the two (e.g. crag and tail).
Examining the sub-bottom data allows for sub-seabed charac-
teristics to be linked to seabed geomorphic signatures, thereby
improving the confidence of our mapping where there is no
shallow seismic data;

2 As closely spaced seismic lines have not been acquired in the
region, the majority of landforms were mapped from the ba-
thymetry data alone by analysing seabed morphology within
the regional geological and hydrodynamic context. For example,
sediment-cored landforms approximate theoretical for-
ms(smoother, more symmetric), whereas bedrock-cored struc-
tures are more irregular and influenced by local bedding and
structural trends.

Mapping was conducted at 1:10,000e1:20,000 scale, and is
intended to be presented at 1:50,000 scale such that all significant
features (>50 � 50 m) have been captured (Tobler, 1988). Taking
into account that we are presenting a ‘broad-scale’ mapping effort,
there remains significant unmapped complexity at seabed that
with further study will yield a more detailed understanding of past
processes.

3. Results

Mapping has revealed an extensive set of well-preserved gla-
cigenic landforms on the seabed in the Inner Hebrides region of
western Scotland (Figs. 4e7). And while the present study focuses
on the glacial history of the region, many other non-glacial
geomorphic features are observed on the bathymetric data

https://www.ukho.gov.uk/AboutUs/Pages/HydrographicNotes.aspx
https://www.ukho.gov.uk/AboutUs/Pages/HydrographicNotes.aspx
http://www.snh.gov.uk/docs/A1034852.pdf
http://www.snh.gov.uk/docs/A1034852.pdf


Fig. 4. A) Bathymetry data from offshore Iona reveal assemblage of glacially streamlined landforms and several superimposed sinuous ridges of ambiguous origin (possible
moraines or eskers). Inferred glacial flow paths indicated by white arrows. B) Inset box reveals cross-cutting flow sets of streamlined landforms where the dominant SW directed
flow set (white arrows) is superimposed by a later, less extensive SSW directed set (black arrows). C) Interpreted glacigenic landforms from panel (A) area, with slightly thickened
landform outlines drawn for clarity. See Fig. 2 for location.
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including: widespread outcrops of ocean-current swept bedrock
(Proterozoic through Cenozoic in age), (Fyfe et al., 1993); networks
of large bedrock faults (Smith, 2012); fluid-escape pockmarks in
surficial sediments (Howe et al., 2012); and mobile sediment bed-
forms (e.g. sand waves) (Fig. 5). It is therefore necessary to distin-
guish between the glacigenic landforms of interest to this study and
other seabed features, some of which may mimic the attributes of
glacial forms, (e.g. mobile sediment waves, or bedrock outcrops
with structures roughly parallel to former ice-flow directions).

3.1. Kilometre-scale features

The submarine sector of the Inner Hebrides exhibits variable
bathymetric relief and several of the deepest basins inboard of the
UK continental shelf break, including the Muck Deep at 320 m
depth (Fig. 2). The broad-scale relief shows evidence of Palae-
ozoiceCenozoic tectonic events acting upon rocks as old as 2 Ga
(e.g. Fyfe et al., 1993; Trewin, 2002; Smith, 2012; Howe et al., in
press), while early Palaeogene volcanism has affected much of
the region leaving a series of prominent, flat to gently westerly-
dipping bedrock platforms (Fig. 2) (Emeleus and Bell, 2005;
Browne et al., 2009). A detailed account of the complex bedrock
and structural geology of the region is outside the scope of this
paper, but it is worth noting that these basins and structures played
a large part in controlling the flow and retreat dynamics of
Quaternary glaciations, partially predetermining the locations of
glacially overdeepened rock basins and troughs. In particular, EW
trending joints (e.g. Muck Deep) and NNE-trending Mesozoic ba-
sins predisposed the glacial flow paths in the Sea of Hebrides south
and west of the Great Glen Fault (Fig. 2) (Howe et al., 2012). It is
likely that relative differences in pre-Cambrian Dalradian stratig-
raphy southeast of the Great Glen Fault governed the location and
orientation of glacial overdeepening in the Firth of Lorn (Howe
et al., in press) as well as the Sound of Jura.

3.2. Streamlined landforms

While the kilometre-scale erosional landforms (rock basins and
troughs) signify the influence of glaciation in the region, they
provide an ambiguous record of past ice-sheet behaviour (e.g.
structurally biased orientation, formation over multiple glacial cy-
cles). Mesoscale (tens of metres to kilometres) streamlined features
provide a more direct means of reconstructing past glacial flow
directions, and in certain circumstances ice-sheet dynamics. Across
the study area we observe a wide range of streamlined landforms,
smooth and elongate, exhibiting both symmetric and asymmetric
forms (e.g. teardrop) (Figs. 4e7). Up to several kilometres in length,
these streamlined forms are preserved on multiple submarine rock
platforms (e.g. Canna High (Fig. 6A)) and within overdeepened
troughswhere they are typically oriented parallel, or sub-parallel to



Fig. 5. A) Bathymetry data from offshore Tiree reveal assemblage of glacially streamlined landforms and recessional moraines overlying broad bedrock platform with bedding
planes and deformational fabric apparent at seabed. Convergence of streamlined landforms in the west suggests ice streaming was organized into corridors of slower and faster
flowing ice (white arrows). Moraines indicate regular retreat to the northeast. B) Interpreted glacigenic landforms from panel (A) area, with slightly thickened landform outlines
drawn for clarity. See Fig. 2 for location.
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dominant basin axes (e.g. Sound of Jura (Fig. 7)). From their seabed
expression as well as acoustic character based on seismic data, the
features may be formed of unlithified sediment or bedrock, or both.
Sediment-only features may reach 20 m in height with elongation
ratios ranging from2:1 to 10:1. Streamlined forms comprising some
bedrock component may be up to 50 m in height, with elongation
ratios commonly exceeding 10:1, though this is biased by structural
trends in the underlying bedrock.

Morphologically similar to features observed elsewhere on the
UK continental shelf (e.g. Bradwell et al., 2007) and on other
formerly glaciated continental margins (e.g. Ottesen et al., 2005;
Graham et al., 2009), we interpret these streamlined features as
subglacial landforms, predominantly crag-and tails, drumlins, and
flutings, elongated parallel to the direction of former ice-sheet flow
(Stokes and Clark, 2001). Equivalent landforms have also been
observed being formed and maintained under active ice streams
(e.g. King et al., 2007). We have mapped over 2000 streamlined
landforms within the study area, which include sedimentary and
bedrock forms.

3.2.1. Interpretation of landform record e streamlined landforms
Themajority of the streamlined landformswithin the study area

are interpreted to represent ice flow to the SW, particularly on the
western margins of the study area (Fig. 8: yellow arrows). Locally,
landforms exhibit a consistent orientation and are organized into
clear flow sets. Where landforms deviate from the dominant flow
direction, further complexity of the ice sheet's flow history may be
inferred. Farther to the east and within terrestrially confined basins
and fjords, landform orientation is more variable, and more clearly
topographically controlled (aligned to local basin axis) (Fig. 7). It is
also important to note that while streamlined sedimentary features
explicitly reflect palaeo-ice sheet flow direction, bedrock domi-
nated features are predisposed by pre-glacial fracture and bedding-
plane orientation, and may represent a composite record of erosion
imparted over multiple glacial cycles (e.g. Lane et al., 2014). For this
reason, bedrock, and bedrock-dominated landforms are less reli-
able indicators of palaeo-flow direction.

In several places, multiple streamlined landforms are super-
imposed to form larger composite streamlined features, demon-
strating that different landform types are frequently observed
togetherwithin a particular area. This grouping of distinct landform
types is frequently associated with changes in local physiographic
and substrate conditions (e.g. relative position within a basin, or
presence of bedrock at seabed). We find this relationship in general
agreement with the observations by Stokes et al. (2011), who
provide a systematic analysis of drumlins reported in the literature.
Their resulting hypothesis is that variation in composition and
geomorphology of subglacial drumlins within a particular terrain is
more readily explained by a single glaciological process acting upon
a variable substrate rather than multiple, distinct glaciological



Fig. 6. A) Bathymetry from broad bedrock platform southwest of Canna reveal assemblage of glacially streamlined landforms and several superimposed sinuous ridges of
ambiguous origin (possible moraines or eskers) (Howe et al., 2012). Inferred glacial flow paths indicated by white arrows. Note that the orientation of streamlined landforms
changes towards the west, suggesting flow was deflected by a larger ice stream flowing SSW. B) Bathymetry data from offshore Islay reveal assemblage of streamlined landforms
and recessional moraines. Streamlined landforms appear to have been deformed by the retreating ice margin. Interpreted glacigenic landforms shown in insets for both panel areas
A) and B), with slightly thickened landform outlines drawn for clarity. See Fig. 2 for location.
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processes. Variation in drumlin character therefore often arises
where formation mechanisms at the ice-bed interface interact
with, andmodify the pre-existing and variable surficial and shallow
geology.

Large parts of the survey area are mantled by a variable thick-
ness of glacimarine (Jura and Barra Formations) and Holocene
sediment, particularly in deeper water away from coastlines and
upstanding bedrock platforms (Fig. 3) (Davies et al., 1984; Fyfe et al.,
1993; Howe et al., 2012). It is likely that many more landforms are
buried beneath this post-glacial sediment, and thus not expressed
on the swath bathymetry data. In fact, such features are observed
on seismic lines seaward of the large drumlin field west of Iona
(Fig. 4). This evidence leads us to infer that the streamlined land-
forms observed at seabed are formed of subglacial sediments
(where not eroded into bedrock) equivalent to the Hebrides For-
mation within the pre-existing regional seismo-stratigraphic
framework. Underlying the Barra and Jura Formations, the Hebri-
des Formation (termed ‘Minch Formation’ by Boulton et al. (1981))
is a discontinuous coarse-grained diamict interpreted as subglacial
till (Davies et al., 1984). Where present at seabed this diamict is
likely very thin across the study area. Because of this, it is under-
standable how earlier investigations did not recognize glacigenic
landforms in the seismic data, which is now possible due to the
significant advantage afforded by cross-referencing 2D seismic
profiles with the high-resolution bathymetry data (Howe et al.,
2012; this study).

3.2.1.1. Cross-cutting flow-sets. Off the west coast of Iona we
observe two distinct flow sets of streamlined landforms, where a
dominant SW directed flow set is superimposed by a later, less
extensive SSW directed set (Fig. 4). This assemblage suggests ice-
sheet reorganization over time, with different phases of fast flow
at the ice-sheet bed (e.g. Stokes et al., 2009). The implication here is
that the strong flow regime to the SWwas decreased, evolving into
a weaker, more localized SSW flow. The apparent diminishing and
re-organization of the overriding ice mass indicates that the record
of flow we are characterizing is probably associated with overall
ice-sheet retreat.

3.2.1.2. Convergent flow. In Fig. 5 wemap a set of southerly directed
drumlins converging on a more extensive trunk of larger stream-
lined landforms with a SW bearing. The landforms here indicate
that ice over Coll/Tiree did not flow directly west across the low-
relief topography (maximum elevation ~140 m) of Tiree, but
rather was drawn into the larger branch of SW directed flow, which
extends to another large assemblage of landforms off Iona (Fig. 4). A
similar phenomena is observed on the Canna High, where westerly
flowover the platform is deflected to the southwest as icemoves off



Fig. 7. A) Bathymetry data from the Sound of Jura reveal assemblage of glacially streamlined landforms and moraines overlying commonly exposed bedrock strata. Inferred glacial
flow paths indicated by white arrows. Inset panel B) shows series of smaller transverse ridges distributed between larger recessional moraines. These are interpreted as De Geer
moraines. C) Interpreted glacigenic landforms from panel (A) area, with slightly thickened landform outlines drawn for clarity. See Fig. 2 for location.
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the platform into a deeper trough within the Sea of Hebrides
(Fig. 6A) (Howe et al., 2012). This convergence provides evidence
that ice-sheet drainage was also organized into corridors of flow
which acted to draw in further tributaries of ice.

3.2.1.3. Depth distribution of streamlined landforms. When
comparing the depth distribution of all mapped streamlined
landforms together with the frequency distribution of bathymetry
data (m) across the survey area an interesting relationship emerges
(Fig. 9). While landforms are found between 5 m and 250 m water
depth, the majority lie between 25 m and 60 m water depth. One
possible explanation for this apparent shallow water affinity is that
the depth of landforms is simply a function of the variation in ba-
thymetry across the area, i.e. most landforms fall between 25m and
60 m because the majority of the seabed is at this depth interval.
Indeed the frequency distributions (Fig. 9) demonstrate a clear
relationship between the depth-distribution of landforms and the
regional bathymetry, but there is a notable increase in the fre-
quency of landforms (vs. bathymetry) observed between approxi-
mately 30 m and 50 m water depth. Visually we interpret this
discrepancy to suggest other environmental variables are respon-
sible for the depth of landforms, but to affirm this qualitative
observation we conducted the KolmogoroveSmirnov (KeS) test to
examine the equality of the two distributions. The KeS test (Max
D¼ 0.05> 0.03¼ Critical D) confirms there is a statistical difference
between the two. As such we invoke other mechanisms to explain
the concentration of features between 30 m and 50 m and propose
that preservation potential provides the most likely explanation.

As discussed in Section 3.2.1, the glacially streamlined surface is
very likely buried in deeper waters by post-glacial sediments, and
we are confident that sediment burial is responsible for the relative
dearth of landforms observed at seabed between 50 m and 100 m
water depth. There is a near absence of landforms in water depths
less than 20e25 m, which we tentatively attribute to wave erosion.
Several locales within the Inner Hebrides exhibit extreme tidal flow
(e.g. Corryvreckan), but as current strength is highly variable across
the region, associated erosion is a geographically dependent pro-
cess. We suggest that wave energy is the more dominant mecha-
nism for erosion in shallow waters (i.e. <25 m). Waves disturb the
seabed down to the wave base, the maximum depth at which
surface waves may entrain seabed sediment. Wave base can be
approximated as 1/2 the lateral wave period, and with periods in
the Hebrides between 6 and 8 s (~50e64m) (Pantin,1991; Sterl and
Caires, 2005), this indicates the wave base is regionally around
25e32m, which is consistent with our observations. This argument
pre-supposes that the study area has been, on the whole, under-
going isostatic uplift since LGM at a greater rate than eustatic sea
level rise (Shennan et al., 2000), and thus relative sea level has
fallen, progressively subjecting glacigenic landforms to marine
erosion. If this sea level model is not correct for the region (relative
sea level was lower than present during some stage(s) since Late
Pleistocene deglaciation), then potential sub-aerial weathering and



Fig. 8. Interpreted geomorphological map and regional glaciological reconstruction illustrating key phases of ice flow and ice-margin retreat based on glacigenic landforms
observed at seabed. Observed features and interpreted characteristics are described in the legend, and overlie the high-resolution study-area bathymetry presented in gray-scale
and the regional bathymetry in blue-scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Depth distribution of streamlined landforms. The depth (m) of all mapped landforms (black columns) compared with bathymetry (gray) (sub-sampled to 50 m cells) across
the entire study area. To enable comparison between the two, frequencies were normalized to percentage (number of samples within given depth interval (5 m)/total number of
samples (mapped landforms z 1700 samples; bathymetric cells z75,000 samples)). Note the increase in mapped landforms (vs. bathymetry) between 30 m and 50 m. Tentative
explanations to explain this difference are given for deeper (50e100 m) and shallower (<30 m) waters.
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marine transgression would be prime candidates for causing the
observed non-uniform distribution of submarine glacial landforms.

3.3. Ice-marginal ridges

3.3.1. Moraines
Superimposed on the glacially streamlined seabed are

numerous sediment formed, irregular ridges which are commonly
perpendicular or near perpendicular to adjacent or underlying
streamlined landforms (where present) (Figs. 5e7). The ridges are
most commonly observed on upstanding bedrock highs, or found
lying transverse to neighbouring coastlines. The ridges are
commonly 1e8 m high, approximately 50e100 mwide, and spaced
between 500 m and 1 km apart. Although there is variation in size,
spacing, and configuration of these landforms, we interpret them to
be moraines, based on their affinity with ice-marginal features
mapped on other formerly glaciated margins (Fig. 8) (Benn and
Evans, 2014). In the northern part of the study area, several
groups of moraines were previously described by Howe et al.
(2012), and indicate ‘pinned’ glacial retreat along the coastlines of
Skye and Rum. Farther south, moraines are found on a bedrock
platform between Tiree and Mull (Fig. 5), off the west coast of Islay
(Fig. 6B), and within the Sound of Jura (Fig. 7).

3.3.1.1. Interpretation of landform record e moraines. Offshore from
Tiree, well preserved moraines record ice margin retreat to the
northeast (Fig. 5). The configuration of these moraines varies ac-
cording to local physiography, and they clearly overprint the un-
derlying streamlined landforms as well as exposed bedrock at
seabed, indicating a more recent formation.

Offshore from Islay, ice margin retreat has had a more
destructive effect on the pre-existing landform assemblage,
depositing multiple small arcuate moraines that appear to deform
the underlying streamlined landforms (Fig. 6B). Similar to the
moraines off Rum and Skye (oriented normal to the adjacent
coastlines) these moraines suggest ‘pinned’ ice margin retreat, in
this case along the broad bedrock platform between Islay, and
Colonsay to the North (Fig. 2). An alternative interpretation is
that these transverse ridges could be ribbed moraines, thereby
associated with ice flow, and potentially inter-related with ice
streaming and the surrounding drumlins (e.g. Dunlop and Clark,
2006).

Along of the Sound of Jura we find a well preserved series of
approximately trough-perpendicular, equally spaced ridges
(~1 km) which we interpret as recessional moraines (Fig. 7). Evenly
distributed between these moraines are further sets of smaller,
minor transverse ridges which appear similar in form and spacing
(50e100 m) to De Geer moraines, which are indicative of sub-
aqueous deposition (Fig. 7 e inset) (e.g. Todd et al., 2007). This
landform assemblage together with the convex ‘up-glacier’ incli-
nation across the trough, and the over-deepened bathymetry of the
Sound of Jura leads us to suggest that ice-sheet retreat occurred
here along a tidewater margin, grounded in the shallows, poten-
tially with small ice shelves extending over deeper water (e.g.
Ottesen and Dowdeswell, 2006). As elsewhere within the study
area, these moraines overprint the glacially streamlined landscape.
In places the De Geer moraines sit atop the relative high of the
drumlinized forms, but not surrounding areas, thus delineating the
streamlined shape. This again raises the alternative hypothesis that
the ridges could instead be ribbed moraines. We would argue
however that this mimicry is a consequence of preservation rather
than origin (draping hemi-pelagic deposition within relative
deeps), and that the orientation of the minor transverse ridges,
which mirrors that of the larger recessional moraines, is more
compatible with ice margin retreat, than the preceding ice
streaming events.
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3.3.2. Sinuous ridges
At a number of locations (e.g. Figs. 4 and 6A), we observe narrow

sinuous ridges (3e5m high, ~100mwide) with rounded crests. The
ridges are often bifurcated and found on localized bathymetric
highs, commonly atop eroded streamlined landforms. Ridge pro-
files appear smoother, and morphologically distinct from other
moraines in the region, and ridge orientations are incongruent with
expected ice margin retreat patterns (i.e. recession broadly towards
hinterland). Howe et al. (2012) tentatively interpret the features on
the Canna High as moraines, but we alternatively suggest they may
be eskers, deposited by glaciofluvial processes near the retreating
icemargin.While the identification of eskers in a submarine setting
is relatively rare (e.g. Todd et al., 2007), the orientation of the ridges
(sub-parallel to underlying streamlined landforms) here is perhaps
more compatible with this hypothesis than a morainic origin. Un-
fortunately, we have no ground-truthing data from these features
to determine ridge composition, so further work is required to
ascribe an origin to these features.

4. Discussion

On multiple submarine rock platforms and within over-
deepened troughs, assemblages of glacially streamlined landforms
and superimposed ice-marginal landforms provide a clear record of
flow, and subsequent ice-sheet retreat across the region (Fig. 8). The
occurrence of glacigenic landforms is controlled in varying degrees
by the geology, topography, and water depth (elevation control on
preservation potential), however these factors alone cannot ac-
count for the location, orientation, and pattern of the observed
landforms. We consider the geomorphic evidence together with
previous findings to draw inferences about the regional flow and
retreat dynamics of the BIIS within the Inner Hebrides, and
extrapolate these interpretations out towards the shelf.

4.1. Hebrides Ice Stream e onset and ice stream pathways

Apart from the more isolated assemblages observed within
topographically confined, fjord-like basins in the east of the study
area (e.g. Sound of Jura (Fig. 7)), streamlined landforms are found
across the region within a geographically controlled zone: an
approximately north-south oriented belt along the western margin
of the Inner Hebrides (Fig. 8). We interpret that this notable con-
centration ice-flow indicators is consistent with the hypothesis of
Howe et al. (2012) that an ice stream drained this sector of the BIIS,
and that the head of this ice stream systemwas located within the
Inner Hebrides. It is also consistent with ice-sheet modelling
studies that predict multiple phases of streaming flow originating
in the region (e.g. Boulton and Hagdorn, 2006; Hubbard et al.,
2009). With new bathymetry data greatly increasing the archive
of mapped ice-flow indicators in the region, we amend the previ-
ously proposed zone(s) of ice stream onset (Howe et al., 2012) as
well as reconstruct the regional flow patterns associated with the
Hebrides Ice Stream (Fig. 8).

The observed north-south oriented belt of streamlined land-
forms frequently corresponds to the margin between bedrock
platforms in the east, and sediment-filled troughs to the west
(Figs. 2 and 8). We suggest that within the proposed onset zone,
convergent ice movement transitioned from ‘sheet flow’ to
‘streaming flow’ as ice travelled from the rugged hinterland,
accelerating out across the smooth sediment dominated shelf,
establishing a stable flow pattern over time (e.g. King et al., 2007;
Bradwell et al., 2007; De Angelis and Kleman, 2008). While many
argue that drumlins and other streamlined landforms result from
the relatively fast flow of ice over its bed (e.g. Stokes and Clark,
2001; �O Cofaigh et al., 2005), others suggest drumlins may only
signify ice travelling consistently along a continuous flow path, i.e.
fast flow is not required (e.g. Winsborrow et al., 2010). We don't
seek to address this debate with the newly presented data, but rely
on the consensus that streamlined landforms in rock and soft
sediment reflect the coherent flow of ice over its bed.

The eastern margin of the proposed ice stream onset zone is
characterized by a sharp decline in streamlined landforms observed
from west to east across the area (Fig. 8). This supports the gla-
ciodynamic interpretation for the origin of this decline, as this
boundary shows no consistent correlation with substrate geology,
water depth, or observable landform erosion/burial. Streamlined
landforms are observed on, and eroded into multiple bedrock types
throughout the study area (e.g. Tertiary Basalt e Canna (Fig. 6A);
Dalradian metasedimentary rocks e Sound of Jura (Fig. 7)).
Although some local bedrock types and structural characteristics
(e.g. bedding plane strike) appear more conducive to preserving
geomorphic evidence of glaciation (Figs. 4e7), the concentration of
streamlined landforms along the north-south belt appears semi-
independent of the variations in bedrock lithology (Fyfe et al.,
1993). For example, east of Coll there is a sharp decline in land-
forms from southwest to northeast where there is no correspond-
ing change in bedrock type, and no change to the extent of bedrock
exposed at seabed (i.e. no obscuring sediment cover) (Fig. 8).
Further to this, water depths across this boundary (declining
landforms to northeast) are consistently greater than 25 m, there-
fore the seabed should not be disproportionately impacted by the
marine erosion which is found to inhibit preservation of shallow
landforms elsewhere in the study area (Section 3.2.1.3) (Fig. 9).

We extend the eastern limit of onset within several broad
bathymetric troughs (e.g. SE of the Canna High) as we expect these
seabed deeps would have served as topographic pathways focus-
sing ice-sheet flow (Figs. 2 and 8). This interpretation remains
tentative though as some troughs are filledwith over 100m of post-
glacial sediment (Fyfe et al., 1993) covering any potential geomor-
phic evidence. This same phenomenon makes the western margin
of the onset zone more difficult to constrain, as the streamlined
glacial surface generally dips to greater depths towards the west,
becoming progressively obscured by post-glacial sediment (Section
3.2.1) (Figs. 3 and 9). Revisiting legacy 2D seismic data to investi-
gate the sub-surface could improve our understanding, but it may
require 3D seismic to confidently identify characteristic features
along (multiple?) buried horizons (e.g. Graham et al., 2007).

While ice stream onset provides the most satisfactory expla-
nation for the geographic distribution of streamlined landforms
along thewesternmargin of the Inner Hebrides, topography (acting
at different scales) appears to be the primary influence on the
orientation of the observed landforms. Within the proposed Heb-
rides Ice Stream onset zone, landform orientation appears to be
independent of local-scale topography (i.e. feature orientation
largely insensitive to dominant slopes within ~0e10 km), but
significantly influenced by the regional topographic setting
(10 s �100 s km) (Figs. 1 and 8). Looking southwest from the pro-
jected glacial flow paths it becomes apparent how regional-scale
topography played a role in governing ice-sheet flow dynamics
(e.g.Winsborrow et al., 2010) (Fig. 8). The Lewisian Skerryvore Bank
southwest from Coll and Tiree separates two broad, structurally-
controlled troughs which are further interrupted to the west by
the Stanton Banks. Observed ice flow signatures within the onset
zone are directed towards (e.g. west of Mull), or aligned according
(e.g. deflected flow vectors off the Canna High) to the axes of these
large troughs which are carved up to 200 m below the surrounding
seabed. This indicates that ice stream tributaries within the Inner
Hebrides were influenced by, and ultimately drawn into these
larger branches of the ice-sheet drainage network out towards the
continental shelf, at least for the period when the observed
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streamlined features were formed. Further illustrating this influ-
ence, the convergence of a smaller ice stream tributary (southerly
bearing flow-set) being drawn into a larger branch (SW bearing)
southeast of Tiree demonstrates that streaming was probably also
organized into conduits of relatively slower and faster flow, or at
least tributaries of lesser or greater dominance (Fig. 5). This flow
configuration also suggests that the bedrock platform incorpo-
rating Coll and Tiree likely served as an ice-sheet ‘sticky’ spot (e.g.
Stokes et al., 2007), where flow was retarded by the protruding
‘islands’ relative to the fast-flow regimes established to the north
and south within the troughs. Taking account of the accumulated
geomorphic evidence and regional physiography, we propose that
the two large troughs hosted dominant branches of the composite
Hebrides Ice Stream, where streaming initiated along the western
margin of the Inner Hebrides (onset zone), merged along a medial
line between Tiree and the Stanton Banks, and directed flow across
the Malin Shelf towards the Barra-Donegal Trough-Mouth Fan
(Fig. 8).
4.2. Hebrides Ice Stream e wider implications

We have identified and described a well-constrained strongly
convergent ice-sheet flow configuration that accommodated
drainage within a significant sector (5e10%) of the BIIS. We are
aware however that the observed landform record likely represents
only a limited time interval and may not be representative of
maximal glacial conditions. Empirical observations from other
sectors (e.g. Bradwell et al., 2008; Scourse et al., 2009) as well as ice
sheet-wide modelling studies (e.g. Hubbard et al., 2009) indicate a
complex and dynamic evolution of the BIIS during the Late Pleis-
tocene, with varying spatial flow configurations adopted over
multiple growth and decay cycles. Across the Inner Hebrides re-
gion, several recent studies suggest ice-sheet flow (mass flux and
direction) differed dramatically between full glacial conditions
when grounded ice reached the continental shelf break, and more
reduced glacial conditions when the ice-sheet was thinner and
more constrained by local topography (Dunlop et al., 2010; Clark
et al., 2012; Finlayson et al., 2014). Future investigations of the
sub-surface, and the refinement of the glacial seismic stratigraphy
(Fig. 3) are required to place the observed seabed record of glaci-
ation into context with potentially preceding Late Weichselian ice
streaming events, as well as pre-Weichselian glacial periods.

A further consideration for understanding the evolution of the
Scottish-based ice mass within the Inner Hebrides is how it inter-
acted with Irish-based ice, and ice occupying the Irish Sea basin
(e.g. Greenwood and Clark, 2009). The apparent sensitivity to
migrating ice divides in the region influenced flow configurations
over time, leading to regional fluctuations that may have been
asynchronous with overall mass-balance changes of the BIIS (e.g.
Finlayson et al., 2014; Hughes et al., 2014). For example, an
advancing Irish Sea Ice Stream would draw-down areas of ice that
otherwise may have flowed west towards the Barra-Donegal
Trough-Mouth Fan (Fig. 1) (e.g. Clark et al., 2012; Chiverrell et al.,
2013). Indeed Dunlop et al. (2010) observe a series of glacigenic
landforms on the Malin Shelf indicating periods of confluence, and
alternating dominance of Scottish vs. Irish-based ice. Like Dunlop
et al. (2010), we interpret that during full glacial conditions
(~29e23 ka; Peck et al., 2007; Scourse et al., 2009) the Hebrides Ice
Streamwould have merged with the North Channel-Malin Shelf Ice
Stream issuing from parts of south-west Scotland, the Irish Sea
basin, and Ireland (e.g. Greenwood and Clark, 2009; Finlayson et al.,
2014) to form the composite ‘Barra Fan Ice Stream’ system which
ultimately reached the shelf margin (Fig. 8) (e.g. Stoker et al., 1994;
�O Cofaigh et al., 2012).
We would argue that a similar flow configuration (as described
above) could have existed during maximal glacial conditions as the
large degree of regional-scale topographic control appears suffi-
cient to accommodate drainage for this sector of the LGM BIIS.
Reconstructions andmodelling studies support this hypothesis (e.g.
Boulton and Hagdorn, 2006; Hubbard et al., 2009; Hughes et al.,
2014), though the exact configuration would be further depen-
dent on factors like the relative influences of the North Channel-
Malin Shelf ice stream, ice thickness over north-eastern Ireland,
and the semi-independent ice mass centred on the Outer Hebrides
(Fig. 1) (e.g. Stone and Ballantyne, 2006). For example, a smaller ice
mass on the Outer Hebrides would have allowed a more westerly
component to flow, but the apparent topographic steering of
mainland ice to the southwest may have rendered this ice-
buttressing effect insignificant.

Rather than resulting from ice-sheet drainage during a maximal
glacial configuration, we interpret the pattern of landforms pre-
served at seabed to more specifically relate to flow characteristics
during overall ice-sheet retreat (~23e17 ka, Scourse et al., 2009;
Finlayson et al., 2014). Convergent flow indicators (Fig. 5), cross-
cutting flow sets (Fig. 4), and divergent flow indicators (Fig. 6B),
are signatures more indicative of a thinning ice mass undergoing
reorganization as part of an overall, but punctuated retreat (e.g.
Conway et al., 2002; Stokes et al., 2009). Further supporting this
interpretation, ice flow indicators (~SW bearing) offshore Islay
show no influence from the North Channel-Malin Shelf Ice Stream,
which is proposed to have been directed to the WNW, and
confluent with the HIS during full glacial conditions (Fig. 8)
(Greenwood and Clark, 2009; Dunlop et al., 2010). Terrestrial ob-
servations (including the orientation of glacial landforms, transport
directions of erratics, and glacial striations) from Kintyre, Arran,
Islay, and Jura also suggest that during maximal glacial conditions,
these land masses were over-run by ice, with flow directed to the
WNW (Synge and Stephens, 1966; Dawson, 1997; Cousins, 2012;
Finlayson et al., 2014). Thick ice, coupled with drawdown towards
large western troughs, is likely to have diminished the influence of
local topography, enabling the westerly flow direction of ice.

Taken together, the location and orientation of streamlined
glacigenic landforms provide evidence of a large ice stream (HIS)
delivering ice from the Inner Hebrides out towards the Malin Shelf,
but nuances in the pattern of these landforms suggest that this
streaming probably occurred during a period of ice-sheet reorga-
nization and overall retreat. Under this regime, we interpret that
the progressive reconfiguration of the ice sheet would have resul-
ted the abandonment and/ormigration of flow pathways, with flow
vectors increasingly constrained by local-scale topography as the
ice mass thinned. As the landforms remain well preserved at
seabed, and are frequently overprinted by normally oriented mo-
raines (Figs. 5 and 8), we infer this represents the last activity of the
HIS prior to ice retreating to more isolated, topographically
confined fjords. Retreat from the shelf towards and into the Inner
Hebrides may have been rapid due the prevalence of overdeepened
troughs which would have facilitated accelerated retreat, via tide-
water margins retreating into deeper water (e.g. Todd et al.,
2007; Jamieson et al., 2012).

4.3. Subsequent confined flow and retreat

East, and farther landward of the proposed HIS onset zone we
observe other, though fewer (excluding the Sound of Jura) assem-
blages of glacially streamlined landforms within isolated, topo-
graphically confined troughs and basins. Primarily aligned with
local basin axes, the orientation of these landforms is more strongly
controlled by topography than those attributed to the HIS, and thus
more variable across the region (Fig. 8). We interpret these
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landforms to have formed following the collapse of the HIS as ice
pulled back into smaller tributaries and fjords where the stable
flow of thinner, topographically partitioned ice masses was
temporarily re-established (e.g. Clark and Meehan, 2001).

We interpret the overprinting of recessional moraines atop the
streamlined landforms (both types well preserved at seabed) to
suggest that retreat began after the cessation of ice streaming
within these confined basins. And while we present no new abso-
lute chronological data to constrain this transition or the rate of
retreat, an extensive series of recessional moraines within the
Sound of Jura provides geomorphic evidence on the style of this
retreat. The recessional moraines are further subdivided by evenly
spaced minor transverse ridges, which taken together indicate a
rhythmic retreat up the fjord (Fig. 7). As we have interpreted these
minor transverse ridges as De Geer moraines, and recognizing the
overdeepened bathymetry of the Sound of Jura, we hypothesize
that retreat likely occurred along tidewatermargins (e.g. Todd et al.,
2007). A radiocarbon age from the Sound of Jura, published by
Peacock (2008), indicates that ice retreat was complete by 13.1 14C
ka BP (approximately 15 cal ka BP). Moraines observed elsewhere in
the study area are commonly oriented normal to adjacent land
masses (e.g. Skye, Rum), indicating punctuated glacial retreat as the
regions complex topography provides multiple ‘pinning points’ to
temporarily stabilize ice-sheet margins during late-stage retreat
from the marine environment (e.g. Favier et al., 2012).

There remains a paucity of Pleistocene chronological data from
the marine environment around the Inner Hebrides, and we do not
present new age data here. Dating the deglaciation of this ice-sheet
sector forms part of a wider research programme, which is
currently underway (Clark et al., 2014). Instead, we have attempted
to place our observations into a relative chronological framework,
making comparisons with other regional observations and utilising
existing ice-sheet reconstructions and ice-sheet modelling experi-
ments. We find that our observations of the streaming phase of the
HIS, and subsequent retreat to confined positions within the fjords
where further flow and retreat is recorded, are broadly consistent
with the spatial reconstructions proposed by Finlayson et al. (2014).
Applying their event timescale implies the HIS was active from
approximately 32e17 ka, though probably underwent significant
fluctuations in mass-flux and spatial extent during this period (e.g.
peak: ~29e23 ka (Scourse et al., 2009; Finlayson et al., 2014)). With
HIS break up around 17e16.5 ka, the ice-sheet would then have
retreated to the confined fjords and basins of the Inner Hebrides
where final marine influenced retreat occurred between approxi-
mately 16.5 ka and 16 ka (Fig. 8).

5. Conclusions

We identify and map approximately 2200 glacigenic landforms
relating to spatially variable ice-sheet flow, and ice margin retreat
of the last BritisheIrish Ice Sheet (BIIS) within the submarine
environment of the Inner Hebrides, Scotland. Illustrating the value
of extensive, high-resolution swath bathymetry data for the pur-
poses of palaeoglaciology, the interpreted geomorphic record has
significant implications for understanding the pattern and timing
of Late Pleistocene ice-sheet flow, reorganization, and decay for a
large sector (5e10%) of the BIIS.

Streamlined landform assemblages (both bedrock and
sediment-dominated) indicate the coherent flow pattern of a
grounded ice-sheet, probably within the upper reaches (onset
zone) of the Hebrides Ice Stream. The spatial distribution of land-
forms left behind by the Hebrides Ice Stream demonstrates the
significant influence of regional-scale topography in governing the
configuration of ice-sheet flow in this region, an affect which is
particularly notable at the terrestrial-to-marine transition. This
work also provides important insight for understanding how the
Hebrides Ice Stream would have interacted with Irish-based, and
further Scottish-based ice issuing from the Irish Sea when the ice
masses were confluent. Suites of morainic landforms indicate
numerous still-stands or minor ice-marginal advances during
overall ice-sheet thinning and retreat. The retreat of the marine-
dominated Hebrides Ice Stream may have been rapid, as has been
suggested for neighbouring marine-influenced sectors of the ice-
sheet (such as the Minch ice stream to the north) (Bradwell and
Stoker, 2015). Initial rapid retreat was probably followed by more
punctuated ice-front retreat around the rugged islands and topo-
graphically pronounced headlands fjords and basins where stable
flow was temporarily re-established. Further decay, and final ice-
sheet retreat from the marine environment was likely achieved
within the glacially overdeepened fjords along tidewater margins.

Empirically derived reconstructions such as this are particularly
important for understanding the retreat history and dynamics of
marine-based, or strongly marine-influenced ice sheets like the
former BritisheIrish Ice Sheet as the terrestrial record alone may
provide incomplete, or ambiguous evidence of deglaciation. This
work further highlights the high preservation potential of land-
forms in a submarine setting, and the importance of acquiring
extensive seismic (sub-surface) data to provide complimentary
three-dimensional perspectives. We also explore poorly under-
stood aspects of landform preservation in the marine environment
(e.g. post-glacial sedimentation-landform burial and marine
erosion) that may bias our interpretations where aspects like
relative sea level change are not well constrained over time. And
although the excellent bathymetric data have enabled a detailed
reconstruction of past ice-sheet dynamics, chronological control is
lacking in this region, and further sampling and dating of glacigenic
material is required to test the hypotheses presented here.
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Abstract: The Loch Lomond Stadial (LLS) (12.9 – 11.7 ka BP) was the last climatic episode in which Scotland possessed a
significant ice mass. Loch and Glen Etive represent one of the best-preserved glacial landsystems in western Scotland, having
formed a conduit for ice draining from high on Rannoch Moor. Loch Etive is a glacially over-deepened trough 6 km north of
Oban, now a sea loch 30 km long and up to 1.5 km wide, extending from the Firth of Lorn NE towards Rannoch Moor. It is a
key site in which to understand the glacial processes that shaped the Western Highlands during the LLS, leading to full glacial
retreat by 11.4 ka BP. Based on a comprehensive high-resolution multibeam bathymetric sonar survey, the morphology of the
seabed was analysed using ArcGIS to create a series of detailed geomorphological maps. Morphological interpretations,
backscatter and seismic reflection data from the loch were combined to reconstruct the deglaciation of Loch Etive. The presence
of transverse ridges interpreted as recessional moraines and submarine eskers indicates a dynamic glacial retreat from the
maximum seaward extent west of the present-day coastline. At its maximum extent, the glacier formed a proglacial delta
generating large volumes of meltwater that flowed over the rock sill of the present-day Falls of Lora. The confluence of glacial
ice masses, flowing from the Pass of Brander and tributary corrie glaciers, created a complex glaciofluvial environment in the
outer basin of Loch Etive. This is reflected in the formation of a large submarine esker. In the inner loch basin, the presence of
recessional moraines at intervals suggests a dynamic glacier, responding to seasonal temperature fluctuations, possibly
subsequently retreating northeastwards c. 50 m annually as the LLS ended.
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During the Last Glacial Maximum (LGM), traditionally
defined as 21 ka BP, much of Britain was under ice; forming
the British–Irish Ice Sheet (BIIS; Clark et al. 2012). The BIIS
reached a maximum extent towards the western shelf edge
around 27 ka BP (Knutz et al. 2001; Scourse et al. 2009).
Deglaciation was initiated only as eustatic sea-levels began to
rise, around 26 ka BP, and ice retreated with cycles of
purging and thinning, followed by a fast withdrawal from
marine sectors (e.g. Knutz et al. 2001; Wilson et al. 2002).
The North Sea was likely ice free by 25 ka BP (Clark et al.
2012). By 13 ka, ice was probably restricted to the high
ground in Scotland, Ireland and Wales, with glacial ice
surviving during the warmer interstadial in isolated regions
of western Scotland (Bradwell et al. 2008; Ballantyne 2010).
Traditionally, the period between 12.9 and 11.7 ka BP
(Golledge et al. 2007) marks the Loch Lomond Stadial
(LLS). The ice domes and glaciers that remained post-LGM
once again re-advanced fromwestern RannochMoor (Sissons
1979). Causal mechanisms for the LLS are not clear, although
a catastrophic outburst of fresh water from proglacial lake
Agassiz in the Laurentide Ice Sheet may have led to
oceanographic reorganization, with perhaps even a shutdown
of the thermohaline circulation, initiating cooling of the North
Atlantic (Teller et al. 2002). Partial shutdown of oceano-
graphic currents and a possible alteration of solar irradiance
(Renssen et al. 2000) could have made glaciers flow once
again through many of the deep glens, leaving a series of
glaciated sea lochs (Howe et al. 2010), like Loch Etive.
Loch Etive was one of the main transport pathways for

glacial ice into the Firth of Lorn, a region of significant ice

flow during the LGM. A similar flow entered from the NE,
flowing directly SW from Loch Linnhe. These are important
indicators of the growth and retreat pattern of the LLS ice
masses. Reaching a maximum extent between 11.5 and
10.5 14C ka BP (Peacock et al. 1989; Golledge et al. 2008;
McIntyre & Howe 2010), ice had completely retreated by 10
14C ka BP (Lowe & Walker 1976; Walker & Lowe 1982).
The presence of high, 14 m OD, post-glacial shorelines
(Walker et al. 1992; Gray 1995) indicates that this region was
possibly close to an epicentre for Holocene isostatic rebound
(Walker et al. 1992) and thus the glacier occupying Loch
Etive was presumably a tidewater glacier, analogous to
present-day glaciers in, for example, western Svalbard.
Despite this, little work has been conducted since Gray
(1995) and Howe et al. (2001) on the geomorphology of the
region.

Regional setting

Loch Etive (Fig. 1) is an elongated sea loch in western
Scotland, 6 km north of Oban. The loch is 30 km long and
can be categorized as a glacially over-deepened trough
(Boulton et al. 1991). The current average depth is 39 m but
the ‘Bonawe-deep’, NE of the Bonawe sill, reaches a
maximum water depth of 145 m (Low Water Spring Tide).
Six sills are present within the loch, separating it into a series
of hydrographically isolated basins (Edwards & Sharples
1985). These restrict the flow of deeper water masses, and
full circulation occurs only when dense, brackish water is
able to pass over the sills, principally during extended
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periods of dry weather. The total river catchment within the
region is 1350 km2, providing a discharge of 3×109 m3 from
a maximum annual rainfall of 200 cm a−1, producing large
volumes of sediment that enter the loch mainly via rivers
(Shimmield 1993; Nørgaard-Pedersen et al. 2006). These
create sediment ‘drifts’ 30 – 60 m thick within the loch,
(Howe et al. 2001; Nørgaard-Pedersen et al. 2006).
The solid geology of the loch comprises a mixture of

igneous and metamorphic rocks. The entire inner loch is
carved within the Etive igneous complex, a late-Caledonian
roughly elliptical composite pluton emplaced at c. 400 Ma
into Dalradian metasediments. It comprises an outer
‘Cruachan’ facies of monzodiorite and monzogranite, and
an inner ‘Starav’ facies of monzogranite. A fault-bounded
outcrop of Dalradian phyllites and slates separates the Etive
batholith of the inner loch from the Siluro-Devonian lavas of
the outer loch NE of Bonawe. The outer loch comprises
intermediate and acidic lavas and tuffs of the Lorn Plateau of
Old Red Sandstone age (Stephenson & Gould 1995).

Loch Lomond Stadial history of Loch Etive

Following the widespread retreat of the last Scottish ice sheet
during the Windermere Interstadial (c. 13 – 11 ka BP),
renewed ice-sheet build-up resulted in the formation of a
major icefield in the western Highlands. Smaller satellite ice
fields built up in peripheral mountain areas such as those of
Assynt, the southeastern Grampians and the islands of Skye
and Mull (Ballantyne 2002; Bradwell et al. 2008; Golledge
2010). Smaller glaciers developed in the Outer Hebrides, and
on Rhum and Arran, as well as the mountains of southern
Scotland. The former ice limits associated with this
readvance are commonly defined by moraines and drift
limits, allowing detailed reconstruction of former glacier
dimensions. During the LLS there was a return to polar
conditions with temperatures around 10 – 12°C lower than
the present (Boulton et al. 2002). This re-advance has been
documented by moraine sequences (Sutherland 1984;
Boulton et al. 2002), and carbon-dated glacial deposits; it
culminated around 12.5 cal ka BP. In Loch Linnhe the ice
limit was thought to have been as far south as Kentallen

(Walker et al. 1992). However, McIntyre (2012) indicates
possible glacial overriding of marine sediments by ice in the
Shuna basin, thus moving the ice limit c. 14 km south of the
accepted LLS position and supporting Golledge (2010). In
Loch Creran, the ice reached as far as Benderloch, 4 km north
of Loch Etive. The general direction of ice flow in Loch
Etive, reflected in the orientation of the glen and glacial
striae, was to the south (Sissons 1983). One of the ice tongues
that flowed into the Firth of Lorn did so through Glen Etive.
Inner Loch Etive, trending NE–SW, would have been filled
by a glacier, confined by the topography of the mountains of
Ben Starav and Beinn Trilleachen. Further ice masses from
Glen Kinglass and surrounding small corries would have
increased the mass of local ice, adding to both the lateral
pressure and erosional power. Consequently, we find the
deepest section, the ‘Bonawe deep’, where these ice masses
combined. At Bonawe, the direction of the loch takes a sharp
90° turn, to an east–west direction in a widened, more open
landscape. This change may reflect the lithology, changing
from granite to slates (Howe et al. 2001). It was suggested by
Kynaston & Hill (1908) that another ice mass, flowing from
the Pass of Brander, influenced the flow direction of the Glen
Etive glacier. Extending further westwards, the Etive glacier
probably terminated at the moraine deposits close to
Saulmore Point Farm (Gray 1995), and was thus of similar
extent to neighbouring glaciers such as that occupying Loch
Creran (Peacock 1971; McIntyre & Howe 2010).
In ice-retreating conditions, various glaciofluvial deposits

were formed in the Loch Etive area, and one of the best
systems of kame terraces in Britain is preserved here. In the
Moss of Achnacree a kettled outwash terrace, grading
westwards to 12 – 13 m OD, indicates a minimum relative
sea-level change during the LLS (Walker et al. 1992).
Numerous secondary kame terraces have beenmapped in this
area (Gray 1975). These deposits contrast with the
abundance of evidence in the rest of Scotland of an active
LLS deglaciation, and may indicate a localized stagnation. In
general, changes in sediment supply, depositional environ-
ment and glaciotectonism, coupled with a relative paucity of
features typical of widespread areal stagnation (kettled
outwash terraces, eskers, kames and chaotic ice-marginal
dump mounds), suggests that glaciers retreated dynamically
rather than decaying in situ (Golledge 2010). Relative sea-
levels during the LLS are difficult to estimate in this region, a
difficulty compounded by the indented fjordic coastline and
the influence of local isostatic rebound during the LLS.
However, we assume an LLS relative sea-level (RSL) c. 10 –
12 m above the present datum (Shennan et al. 2005). This
estimate suggests that the features identified and discussed in
this study all originate from submarine processes.

Materials and methods

Bathymetry

The bathymetry of Loch Etive was mapped by the British
Geological Survey (BGS) in February 2014 from the M/V
White Ribbon. The survey covered the totality of the outer
and inner sea-loch basins, apart from areas where fish farms
impeded the vessel’s movement. The survey was undertaken
for the Maritime and Coastguard Agency and was conducted
to International Hydrographic Organisation (IHO) order 1a

Fig. 1. Location of the study area with respect to western Scotland (inset).
On the main image, Loch Etive, the study area, the most important
locations, villages or communities referred to in the paper are indicated.
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standard, the standard for maritime navigational safety. A
Kongsberg EM3002 dual frequency multibeam echosounder
was used; generating 508 beams at a frequency of 293/
307 kHz. Data processing was conducted by BGS using
Caris HIPS & SIPS and Fledermaus software (version 8.1.5).
The bathymetric data were reduced to low water spring tide
levels. However, a poor understanding of the sea height in the
region, together with the complex nature of the tidal
differences at the Bonawe sill (c. 1.7 m) and Falls of Lora
(c. 4 m), caused difficulties with tidal error corrections. The
standard tidal model, the Vertical Offshore Reference Frame
(VORF), was not available for the Loch Etive region and two
new tidal gauges were installed, one in the outer basin, at
Ardchattan Priory, the other at the stone jetty at Rubha Na
Creige in the upper basin. Large differences in calculated
values, between the model and tidal gauges were discovered,
and more tide gauges would be essential to any future
mapping. The quality of the bathymetric images produced
was, however, within the guidelines of IHO order 1a.

ArcGIS processing

Bathymetric data were processed using ESRI ArcMap 10.1.
Characteristics such as slope direction, angle and surface
curvature were used to distinguish between landforms.
Shaded relief models were created to emphasize the form
of the bathymetry. By altering the direction of the
illumination source (azimuth direction) and angle (altitude
of the light source) it is possible to introduce bias (Smith &
Wise 2007). To eliminate this possibility, two Hillshade
models, one displaying the relief from a set azimuth value
(parallel to the orientation of the sea loch) and the other with
an azimuth orthogonal to the orientation of the loch, were
created and superimposed. The altitude of the illumination
source was set to 19° to lessen possible bias, as recom-
mended by Smith & Wise (2007). Mapping was at a scale of
1:6000 in both basins and 3D analyst cross-section tools
within ArcMap were used to determine the shapes of selected
landforms.

Backscatter data

A compiled backscatter mosaic (Fig. 2) obtained from the
survey was used to select grab locations to determine the
seabed sediment type. The SAMS vessel R/V Calanus was
used to retrieve 30 sediment samples using a Van Veen grab
in order to ground-truth the sediment granulometry. Samples
were taken whenever there was a sharp difference in the
backscatter signature.

Seismic investigation

The British Geological Survey conducted a seismic survey of
the loch in 2000 (see Howe et al. 2002), using a surface-
towed boomer system from the SAMS vessel R/V Calanus.
The survey covered the inner basin and half of the outer
basin. In total, 54 km of seismic reflection data were
acquired. The boomer system was placed 10 m astern
starboard on a catamaran and was fired every 0.5 s, resulting
in a vertical resolution of 1 – 2 m. Hydrophones were towed
on the port side 10 – 15 m astern at a depth of 0.25 m. Amore

detailed system description is presented in Howe et al.
(2002).

Results

The main landforms present in Loch Etive are shown in
Figure 3. A range of physical characteristics including
steepness, orientation and general morphology, has been
used to differentiate these landforms and identify those that
are of glacial origin. Two main groups of glacially moulded
mounds are present: transverse and longitudinal ridges. The
following sections will describe the features and provide
interpretations of their nature and possible origins. Areas
with complex seabed morphology are discussed below as
‘Irregular Terrains’. Backscatter amplitudes were used to
infer seabed type. Seismic reflection profile data are utilised
in conjunction with geomorphological data in order to
determine the internal characteristics of the landforms or the
subsurface when the sediment cover is thick.

Transverse ridges

Description

Transverse ridges are elongate, arcuate or sinuous features
that are roughly perpendicular to the axis of the loch (Fig. 3a–
e). They are generally orientated north–south in the outer
basin and NW–SE in the inner basin, although there are
exceptions. Around 120 individual transverse ridges are
recorded in the two basins, appearing as either isolated
features or closely spaced clusters. A sequence of large
transverse ridges, c. 4 m high, are present in the outer basin,
east of the Falls of Lora and within 500 m of each other. They
show steep slopes on their eastern sides and gentler slopes on
their western sides (Fig. 3a). In the central part of the outer
basin a series of irregular c. 200 m long transverse ridges are
spaced about 100 m apart (Fig. 3c). These are 20 – 30 m
wide and 1 – 5 m high. A set of ridges parallel to the loch axis
(see next section on ‘longitudinal ridges’) intersects these,
creating a ‘gridded’ pattern. This area appears to be covered
by only a thin layer of post-glacial sediment or ‘till’, with
bedrock revealed in several locations. However, the geo-
morphology is complex and, in this area and others, we have
used the terms ‘irregular or hummocky terrain’ as
descriptors.
Two broad (c. 300 mwide) transverse ridges are present in

the western section of the outer basin, near Bonawe (Fig. 3d).
The first lies west of Bonawe and is characterized by a
smooth gently sloping topography. Laminated sediments
attributed to the well-laminated B facies defined by Howe
et al. (2002) are draped over the ridge in seismic section ‘a’
(Fig. 4a). Beneath these is an acoustically transparent facies,
separated from a lower package of chaotic to transparent
sediment by a bright reflector with repeated parallel echos.
This feature is surrounded by gas blanking making it
impossible to correlate the reflectors across the line. A
second ridge, 300 m east of the Bonawe sill, about 16 m
high, is pinned in the narrow channel. Section b (Fig. 4b)
shows a chaotic subsurface signature separated from a second
(‘high-tone’) chaotic facies below by a strong and irregular
reflector.
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Fig. 2. Backscatter data for Outer and Inner Loch Etive.

Fig. 3. Loch Etive bathymetry, with boxes highlighting areas of interest. (a) Morainic ridges east of the Falls of Lora (indicated by arrows). (b) Example of
small amplitude and high frequency ridges interpreted as sand waves (indicated by arrow). (c) Irregular ‘hummocky’ terrain in the outer basin, note the
bedrock outcrops, mounds and both longitudinal and transverse ridges. (d) Bonawe Deep broad ridge (indicated by arrow). (e) Irregular ‘hummocky’ terrain
in the inner basin and set of closely spaced recessional moraines.
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Sets of minor transverse ridges are present between the
larger features in the outer basin, especially in the western
part (Fig. 3b). These are characteristically low (<0.5 m), with
regular shapes and short wavelength (5 – 10 m).
Several large transverse ridges are present in the inner

basin (Fig. 3), in shallow areas along the margins of the loch,
pinned between rocky knolls. The frequency of these ridges
increases northwards (with 40 – 60 m between each ridge),
away from the deeper basins of the loch. They are similar to
those in the mid area of the outer basin, although in some
situations they show an intersecting pattern, with ridges
curved in the direction of tributary valleys (Fig. 5). The
minor transverse ridges are not present in the inner basin.

Interpretation

We interpret the smaller ridges, shown in Figure 3, as sand-
waves formed during the Holocene. The regular and smooth
signature on multi-beam echo-sounder data (MBES), the
small amplitude and wavelength, and the absence of the
characteristic ‘steeper ice-distal’ sides expected of reces-
sional moraines are considered diagnostic for this kind of
seabed sediment feature. Howe et al. (2015) have identified
similar ridges in the Firth of Lorn.
Large transverse ridges in both the outer and inner basins

have been interpreted as recessional moraines, based on their
irregular or arcuate morphology and asymmetrical profiles,
with steeper ice-distal sides and shallower ice-proximal sides
(Hambrey 1994; Maclachlan et al. 2010). Three different
groups of moraines have been identified and are described
below.

Outer basin recessional moraines: Large transverse ridges
(Fig. 3) in the outer basin have been interpreted as recessional
moraines (Benn & Evans 2010) consistent with the retreat of
a glacier along the loch basin. During summer melt, debris
shed by the glacier forms aprons and fans at the terminus and
during the winter advance this material would have been
pushed forward and overridden. Such features are character-
istic of temperate glaciers, with a seasonal signal reflecting
the response of a dynamic tidewater glacier to local climate
(Evans 2009).
Bonawe broad ridges: The broad ridge mapped near

Bonawe (Figs 3d and 4) is not as prominent as the second
ridge, 300 m east of the Bonawe sill, which lies at the NE end
of the deep Bonawe basin filled by extensive postglacial gas-
blanked sediments, resulting in a gently-sloping bathymetry.
However, the seismically transparent and chaotic facies that
make up the ridge contrast with both the well-laminated
glaciomarine sediments and the high-tone chaotic bedrock
signatures and may indicate ‘till’. If this is the case, this
feature could be a semi-buried morainic mound reflecting a
still-stand of the glacier, and a pinning point during retreat
where the glacier became more stable (Ottesen et al. 2007;
Maclachlan et al. 2010). We draw the same conclusions for
the ridge east of the Bonawe sill, where the chaotic internal
seismic character contrasts with a darker substrate (bedrock)
and the ‘wedged’ position at the Bonawe sill, located at the
restricted mouth of the inner basin, strongly supports the still-
stand hypothesis. This pausewould have resulted in a gradual
build-up of sediment at the glacier front. Ottesen et al. (2007)
observed similar periodic glacial stability in the overall

Fig. 4. Locations of mapped broad ridges close to Bonawe, possibly representing still-stands: (a) the buried Bonawe Deep ridge; (b) Bonawe Sill ridge.
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retreat of the glaciers after the LGM on Svalbard, with the
thickness of the deposits reflecting the duration of the still-
stand and rate of sediment delivery.
Inner basin recessional moraines: Arcuate transverse

ridges in the inner basin are interpreted as recessional push
moraines, their greater numbers possibly indicating a
punctuated ice margin retreat. The seismic reflection data
in Figure 5 illustrate the chaotic internal acoustic signature of
the transverse ridges and show that more ridges are covered
by laminated postglacial sediments, probably attributed to
the early Holocene package below the E1 reflector (Howe
et al. 2002). The presence of these features supports the
hypothesis of a slowly retreating ice margin. Many examples
of small, regular moraines are present in fjord environments
(Ottesen & Dowdeswell 2006; Maclachlan et al. 2010).
Ottesen &Dowdeswell (2006) suggesting that their formation
may be a result of annual readvances of a generally retreating
front. For example, in Borebukta, Svalbard, retreat of
the tidewater glacier over the last century (Ottesen &
Dowdeswell 2006) is recorded in ridges 30 – 90 m apart,
similar to those in inner Loch Etive. A few of the inner basin
moraines display a different retreat pattern, contrasting with
the consistent up-loch ice retreat direction observed in the
outer basin. Whereas the overall retreat direction is parallel to
the loch orientation, these ridges are incongruent and are
interpreted as terminal moraines from tributary glaciers,
indicating that substantial ice masses, possibly from corrie

glaciers from the northern glens, fed into the main Glen Etive
glacier.

Longitudinal ridges

Description

Some 48 longitudinal ridges orientated parallel or sub-
parallel to the axis of the loch, have been recognized on the
loch floor. The majority are around 100 m long and are
generally rectilinear or slightly curved, with a surface
signature varying from rubbly to smooth. They commonly
occur in irregular terrains associated with transverse ridges,
rock outcrops, or both. The largest longitudinal ridge is in the
mid-section of the outer basin (Fig. 6). This sinuous feature is
about 840 m long, extending from 36 to 60 m depth. The
crest, broken near the middle, is up to 8 m high and generally
flat, with sides sloping at 45 – 80° (Fig. 6). The high
backscatter response (Fig. 2) suggests that it consists of
coarse sand and gravel. A morphologically similar ridge,
141 m long, in the inner basin, is close to the northern region
of irregular terrain, extending from 30 – 34 m depth. This
also has a flat crest, and sides sloping at 19 – 25°.

Interpretation

Large sinuous ridges have been interpreted as eskers formed
during the LLS (Benn & Evans 2010), based on descriptions
by Gray (1995) and Brennand (2000) of esker types and

Fig. 5. Recessional moraines and bedrock outcrops in the inner basin. The bathymetric data show the discordant directions of two different sets of ridges,
one indicating retreat along the loch axis and the second probably representing terminal moraines of the tributary glens (bottom left box, indicated by
arrows). The linear features are data artefacts. The overview map on the bottom right shows a simplified model of ice flow directions.
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depositional environments. These probably formed under
stagnant or slow-moving ice (Brennand 2000; Evans 2009;
Benn & Evans 2010), where short tunnels (R-channels)
drained into interior lakes. The position of the largest esker in
the outer basin suggests that it may have formed below the
longitudinal suture between the ice from the main Etive
glacier and that from the Pass of Brander. An analogous
example is seen in the modern glacial system of Vegbreen in
Svalbard (Huddart et al. 1999). In the absence of lithological
data, other longitudinal ridges are more difficult to interpret,
but their morphology suggests that they could be either
bedrock outcrops or moraine, indicating ice retreat towards
secondary glens.

Irregular ‘hummocky’ terrain

Description

Three main regions of irregular terrain have been identified,
the first in the mid-outer basin, the other two in the northern
part of the inner basin. All three areas are in generally shallow
water, with an average depth around 20 m below sea-level.
The bathymetry of these areas is highly irregular, with
mounds of various shapes and sizes and a high density of
ridge networks (Fig. 3c and e). The outer basin has a single
region of irregular terrain midway up the loch comprising
about 64 disjointed ridge segments. Most of these have been
regarded as transverse ridges, but several show a ‘rubbly’ and
broken topography indicating bedrock. Backscatter data from
the area are generally characterized by very high amplitudes
(Fig. 2), suggesting the presence of bedrock or coarse
material (possibly sands and gravels). Ponds of low
backscatter material occur within the high backscatter
areas. The inner basin has two irregular ‘hummocky’
regions, one on the northern shore (Fig. 3), the other in the

narrow northern section, mostly formed of small linear
disjointed ridges with high backscatter amplitudes.

Interpretation

We interpret the irregular hummocky terrain as reflecting
areas of subcropping or outcropping basement rock,
complicated by the presence of patchy glacigenic deposits
and moraines. These shallow areas probably acted as pinning
points for retreat of the glacier, producing a greater variety of
glacigenic landforms. High backscatter amplitudes agree
well with the interpretation of many ridges as moraines.
Ponds of low backscatter material are possibly areas of
postglacial sedimentation that partly cover the underlying
bedrock or till.

Discussion

Loch Etive presents a well-preserved geomorphological
assemblage formed by the retreat of a grounded tidewater
glacier during the LLS. At its maximum extent, the Etive
glacier is thought to have extended to Saulmore farm, at the
westernmost extent of Loch Etive (Greene 1995), although
bathymetric data from the adjacent Ardmucknish Bay
(author’s unpublished data) do not reveal any major morainic
ridge to support this hypothesis. The glacier subsequently
retreated to a position somewhere around the Ardchattan
area. The sparse morainic ridges east of the Falls of Lora
indicate that retreat of the glacier to that point may have been
relatively quick. On the other hand, the glacier must have
maintained a position at Ardchattan for sufficient time to
permit the formation of an extensive outwash terrace, the
Moss of Achnacree (Gray 1975, 1995). The irregular
‘hummocky’ terrain in the outer basin, about 1 km east of
this location, supports the idea of a prolonged still-stand. As

Fig. 6. Largest longitudinal ridge mapped in Loch Etive. On the right are presented three cross-sections of the ridge to show the symmetrical profile and flat
top (especially section B–B′).
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the ice retreated, it formed the moraines distributed on the
loch bed. Retreat had to be slow enough, or in shallow
enough water, to allow for grounded ice. A faster retreat
would have increased calving activity in response to a
floating ice front and such features would not have formed
(Ottesen & Dowdeswell 2006).
The large esker in the outer basin is evidence of a

glaciofluvial environment. At this location the Etive ice was
influenced by the northwestward flowing ice lobe from the
Pass of Brander (Kynaston &Hill 1908, see Fig. 1). This may
have been responsible for the change in the main south-
orientated flow of the Etive glacier. We thus infer that the
esker may reflect the suture between the glacial systems of
Glen Etive and Pass of Brander. However, more details of
sedimentology are needed to characterize this feature
accurately. Eskers in submarine settings are observed
elsewhere in the Northern Hemisphere (van Landeghem
et al. 2009) and, as in Vegbreen (Svalbard), some form in
interlobe positions (Huddart et al. 1999). Not far from Loch
Etive, Dove et al. (2015) identified a series of eskers that may
indicate a suture zone close to Iona, west of Mull.
The retreat of the glacier was probably interrupted by

periods of relative stability at pinning points, reducing
calving rates and allowing moraine ridges or even ice-contact
fans (e.g. Mona moraine in Southern Norway, Lønne 1995)
to form. The broad morainic ridge at the Bonawe sill is the
most robust piece of evidence for these still-stands.
Unfortunately, the lack of dates precludes evaluation of the
timing of these halts. It is also not possible to infer the rate of
retreat in the Bonawe Deep and the southern part of the inner
basin due to the thick cover of gas-blanked postglacial
sediment, but it is likely that increased calving was acting in
these regions leading to a faster retreat.
The well-preserved and regular recessional moraines of

the shallow upper region of the inner basin probably indicate
the annual push of the glacier, possibly in response to
seasonal fluctuations (Boulton 1986). At this stage of retreat
the presence of incongruent recessional moraines suggests
that secondary corrie glaciers had started to separate from the
main ice lobe. Figure 5 illustrates this scenario with
presumably smaller corrie-fed glaciers advancing SE to
merge with the main Etive glacier. Minor moraines are also
present on land in Dail, indicating retreat towards Beinn
Sgulaird (T. Bradwell pers. comm. 2015).
The recessional moraines are interpreted as reflecting annual

glacial retreat. If the 30 km-long Etive glacier managed to
retreat towards its source on Rannoch Moor between 10.5 and
10 14C ka BP (Lowe & Walker 1976; Walker & Lowe 1982)
then a retreat rate >50 m a−1 would be required. This is similar
to current retreat rates of tidewater glaciers in Hornsund,
Svalbard (70 m a−1) but greater than the average retreat rate of
glaciers (45 m a−1) in this region (Błaszczyk et al. 2013). This
difference may be partly due to the sensitivity of these glaciers
to warm Atlantic water brought in by the West Spitsbergen
Current, providing conditions similar to those experienced in
Scotland during the LLS (Hambrey et al. 2002; Ingolfsson
2011). Tidewater glaciers would have been influenced by the
warmer waters of the Atlantic that are believed to have returned
by 10 14C ka BP after weakening of the thermohaline circula-
tion described by Ruddiman&McIntyre (1981), Peacock et al.
(1989) and Teller et al. (2002).

Loch Etive was completely free of ice by around 10 ka BP
(Lowe & Walker 1976; Walker & Lowe 1982) although
recent dating on Rannoch Moor has contested this final age
(Bromley et al. 2014). The authors Bromley et al. (2014)
suggest that deglaciation might have been much earlier but
no later than 12.15 ka BP. This leaves a period of c.
750 years for full LLS limits to have been reached and for
the ice to have retreated to the source area on Rannoch Moor.
Although no dates from the LLS have been obtained in Loch
Etive, the geomorphological record alone suggests that it
supports previous studies of a gradual retreat in Scotland
(Bennett & Glasser 1991; Bennett & Boulton 1993). The
glacier that filled Glen and Loch Etive would have had to
retreat at ≥50 m a−1 to fall within the required timeframe.

Conclusions

Multibeam bathymetry, backscatter images and seismic data
have been used to investigate seabed geomorphology and
sediment type in Loch Etive, revealing the varied glacial
retreat history of the Loch Lomond Stadial. Glacial land-
forms include push-moraines, still-stand ridges and eskers.
Terminating west of the Falls of Lora at its greatest extent, the
glacier began a retreat punctuated by intermittent periods of
stability and slight advances. A series of tributary corrie
glaciers feeding into the system added to the erosional power
of the Etive glacier, triggering the formation of a subglacial
glaciofluvial system. During deglaciation, a series of closely
spaced morainic ridges and still-stand ridges formed in Glen
Etive. Smaller tributary glaciers retreated to the northern
corries, leaving discordant patterns of retreat moraines, and
allowing the main glacier to retreat further into Glen Etive
before disappearing at the onset of the Holocene.
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ABSTRACT: This paper presents recently collected swath bathymetry from the Firth of Lorn.

553 km2 of data were collected during 2012–2013 as part of the INIS Hydro (Ireland, Northern

Ireland and Scotland Hydrographic Survey) programme.

The area proves to consist of bedrock-dominated seabed, divided into narrow, stratigraphically-

constrained and glacially-over-deepened basins. The bedrock is composed of late Proterozoic

Dalradian metasediments overlain unconformably by Old Red Sandstone (ORS) sediments and

lavas of ?Silurian-age. The central region of the Firth of Lorn is dominated by a vertical cliff, up

to 150 m high and extending for approximately 24 km. This feature, here termed the Insh Fault,

may have originated as a Dalradian extensional fault, been reactivated as an ORS feature and now

forms a fault-line scarp with resistant ORS rocks on the downthrown side, flanking the more deeply

eroded metasediments exposed in the basin. Tertiary intrusives are common, in particular, swarms

of Paleocene dolerite dykes exposed on the sediment-free bedrock surfaces, and can be traced for

many kilometres.

Evidence for past glaciation is widespread, manifest in the extensive erosion of the bedrock

platforms and the abundance of well-preserved moraines and over-deepened basins. The survey

region includes the Corryvreckan Whirlpool and Great Race, beneath the tidal flows of which occur

submarine dunes.

KEY WORDS: Dalradian metasediments, faulting, Old Red Sandstone, pock marks, submarine

dunes

The submarine geomorphology of the UK Continental Shelf

(UKCS) reflects its geological history; its underlying solid

geology and Quaternary sediment cover. Both can become

overprinted with a record of glaciation and subsequent, more

recent, hydrodynamic processes such as tidal movement and

sea level change. Previous studies have demonstrated how an

understanding of the geomorphology of the Continental Shelf

is an essential tool in understanding physical processes such as

tidal flows (Shaw et al. 2012), sediment movement (Cazanave

2012), benthic habitats (Brown & Blondel 2009) and glacial

history (Bradwell et al. 2008; Howe et al. 2012; Ó Cofaigh

et al. 2012).

The Firth of Lorn is located on the west coast of Scotland

and includes the SW extension of the Great Glen Fault, a

major tectonic lineament traversing Scotland from Inverness

in the NE to beyond Oban in the SW. The fault line occurs in

the N of the study area, and runs across the SE corner of

Mull. The study area extends from the SW end of the island

of Lismore to the outer Firth of Lorn, W of the Island of

Jura (Fig. 1). This area is considered a priority region for

hydrographic mapping, having seen an increase in maritime

activities such as aquaculture, marine renewables and tourism.

The region is also considered a Special Area of Conservation,

based primarily on the inshore rocky reef habitats of the

central and eastern areas, informally termed the Slate Islands,

which are considered an area of diverse and pristine habitat.

Since 2014, the entire Firth of Lorn is part of the Marine Pro-

tected Area (MPA) network.

The INIS Hydro project (Ireland, Northern Ireland and

Scotland Hydrographic Survey) was an EU-funded project to

map a number of ‘priority areas’ between Northern Ireland,

Eire and Scotland. This study presents a new geological inter-

pretation of the region based on the new multibeam survey.

The survey has aided in identifying hitherto unknown seabed

outcrops and structures in the Firth of Lorn, and confirmed

regions of previously speculative sediment mobility. Whilst

many of the features and outcrop occurrence of bedrock

lithologies have been inferred before (e.g., Anderton 1988;

Fyfe et al. 1993), the addition of the new survey information,

specifically high-resolution multibeam echo sounder data, has

revealed the seabed morphology and structure.

Prior to this study, the submarine geology of this region of

the UKCS was relatively unknown, with little published work.

Eden et al. (1971) carried out two traverses with a manned

submersible observing Tertiary dykes and the cliff here referred

to as the Insh Fault. Several authors, including Dobson &

Evans (1974) and Binns et al. (1974), investigated the area to

the SW between Islay and Mull but it was Barber et al. (1979)

6 2015 The Royal Society of Edinburgh. doi:10.1017/S1755691015000146



who produced the first detailed sea bed map to include the

Firth of Lorn. This was based on grab and dive sampling,

together with shallow seismic, and showed a large area of

ORS sediments and lavas overlying the Dalradian basement.

These data were incorporated, with modifications, in the British

Geological Survey 1:250,000 map (British Geological Survey

1987). A framework for the Quaternary stratigraphy of this

part of the Scottish shelf was presented by Davies et al.

(1984). A very useful review of the geological evolution and

stratigraphy of the Malin Shelf, to the west of the Firth of

Lorn, is given by Fyfe et al. (1993).

1. Regional setting and geological history

The Firth of Lorn is geologically diverse, containing rocks

ranging in age from the Precambrian to sediment cover pre-

serving evidence of the last Quaternary glaciation (Devensian)

(see Table 1) (British Geological Survey 1987). Of particular

geological interest are the rocks on the Garvellachs, which

provide the best evidence of Precambrian glaciation in the

British Isles, and some of the best outcrops globally (Arnaud

& Fairchild 2011). The solid geology of the Firth of Lorn is

dominated by late Precambrian rocks (Neoproterozoic) of the

Dalradian Supergroup, composed of slates, phyllites, quartzites,

limestones and schists, overlain unconformably by the sediments

and lavas that make up the local Lower Old Red Sandstone

succession (British Geological Survey 1987). These rocks are

a microcosm of the Caledonian evolution of Scotland, the

Dalradian rocks having been deposited as the Laurentian–

Baltic crust was stretched prior to the formation of the Iapetus

Ocean, the ORS being formed following uplift and erosion of

the mountain chain formed as that ocean was destroyed. The

Dalradian rocks include parts of the Appin and Argyll Groups

(Table 1) which, as well as the glacial deposits of the Port

Askaig Tillite, include metasediments that were deposited in

a range of shallow shelf to deep water basinal environments

(Anderton 1985).

The overlying Old Red Sandstone is composed of sand-

stones, conglomerates and breccias, and the Lorn Plateau

Lavas, a calc-alkaline suite dominated by basaltic andesites

and andesites (Trewin & Thirlwall 2002). Small areas of other

formations also occur locally in the Firth of Lorn, includ-

ing some Jurassic-age sediments around the coast of Mull.

Paleocene dolerite dykes and sills also locally occur across the

region, (Stephenson & Gould 1995).

The Firth of Lorn experienced a number of glaciations

throughout the Quaternary. The last glaciation, the Devensian

(P110–12 ky), produced ice flow mainly towards SW and

extending to the shelf break. Full deglaciation started around

19 ky and was interrupted by numerous still-stands and re-

advances in many parts of the western UK shelf (Ó Cofaigh

et al. 2012). During the Younger Dryas stadial (P12.8–11.5 ky)

there was a return to full glacial conditions, but ice was more re-

stricted to the fjords (McIntyre & Howe 2010; McIntyre 2012).

The study area also encompasses the Corryvreckan whirl-

pool, a strong tidal race between the islands of Scarba and

Jura, where maximum water speeds of 4.5 ms–1 have been

recorded (A. Dale pers. comm. 2014). Such strong tidal flows

have a profound influence on sediment movement in the vicinity

of the whirlpool; and the wider effect of sediment mobilisation

is manifest by the general absence of fine-grained sediments

across the southern region of the survey and the predominance

of coarse-grained sediments and sediment-free rock platforms

and exposed rock surfaces. Generally, the sea lochs contain

thick sequences of muds, commonly gasified with pock marks

revealing gas or fluid flow at the seabed, whilst the majority of

the bathymetry of the Firth of Lorn is revealed as a series of

linear to gently curved, fault- and stratigraphically-controlled

deeps, producing depositional basins surrounded by bedrock

highs. This study presents an overview of the geomorphology

of the Firth of Lorn and shows how vital this type of data can

be to understanding the submarine geology and depositional

processes in a glaciated inshore region of the UKCS.

2. Survey method

Seabed bathymetric data were collected by the Scottish Asso-

ciation for Marine Science (SAMS) using a multibeam echo-

sounder (MBES) during 2012–2013 as part of the INIS Hydro

Mull

Oban

Seil

Luing

Scarba

Lismore

Kerrera

InI

Garvellachs Loch Melfort

Loch Feochan

Loch Etive

EI

DS

DF

LD

DM

L

GoC

GDR

BI

Loch Spelve

Croabh Haven

Jura

15 km

N

a. 

b. 

Firth of Lorn

Scotland

B

Shuna

Loch
Buie

Sound 
of Mull

Figure 1 (a) Location map of the INIS Hydro survey, Firth of Lorn,
western Scotland, UK. (b) Close-up of study location showing main
inshore areas referred to in the text. Abbreviations: B ¼ Belnahua;
BI ¼ Bach Island; DF ¼ Dubh Fheith; DM ¼ Dorus Mor; DS ¼
Dubh Sgeir; EI ¼ Easdale Island; GDR ¼ Grey Dogs Race; GoC ¼
Gulf of Corryvreckan; InI ¼ Insh Island; L ¼ Lunga; LD ¼ Loch
Don.

JOHN A. HOWE ET AL.274



project on behalf of the Maritime and Coastguard Agency

(MCA). Most of the survey is identified as Hydrographic In-

struction 1354 and covers an area of approximately 553 km2,

from the west coast of Jura in the S to the entrance to the

Sound of Mull in the N (Fig. 2). SAMS vessel RV Calanus

utilised a hull-mounted Reson Seabat 7125 dual-frequency

(200 and 400 kHz) multibeam. The system utilises 256 and

512 beams across a 120� swath, providing data coverage

approximately three times water depth and a bathymetric

resolution, depending on water depth, of up to a few centi-

metres. Sound velocity data were collected from a hull-mounted

Reson SVP 71 sound velocity probe. Attitude, heading and

positional data were collected using an Applanix POSmv to a

positional accuracy of <1 m. All data were compiled on board

using Reson PDS software. Inshore, shallow water surveys

were collected by the British Geological Survey (BGS) vessel

RV White Ribbon using a Kongsberg EM3002D 300 kHz

multibeam. Conductivity, temperature and density (CTD) dips

were obtained during the survey using a Seabird 19þ instru-

ment. Water column velocity profiles were prepared using

SeaTerm software and converted into ASCII files.

Post-acquisition data processing was conducted by SAMS.

The data were imported, cleaned and shoal surfaces prepared

using basic mean bathymetric and combined uncertainty

bathymetric evaluation (CUBE) grids with manual and stan-

dard deviation filtering. Subsequent data manipulation and

visualisation were conducted by the British Geological Survey,

Edinburgh, using Caris HIPS and SIPS and Fledermaus soft-

ware. GeoTiffs of the data layers were imported into ArcGIS

v.10.2, where geomorphological classification and mapping

were conducted, via direct digitising of features (Fig. 3).

The survey area was sampled using a Van Veen grab, col-

lecting approximately 0.1m2 of seabed sediments at each grab

to inform the seafloor sediment interpretations (Crump 2013).

3. Submarine geomorphology

3.1. Solid geology of the seafloor

3.1.1. Rock platforms. The Firth of Lorn is characterised

by a series of submarine rock platforms that are sufficiently re-

sistant to have survived glacial erosion. These rock platforms

form isolated bathymetric highs and coastal rock platforms

with water depths typically <50 m. The main rock platforms

occur in the central survey area, and include the islands of

Insh, Dubh-fheith, Bach and Dubh Sgeir (Fig. 4a). Typically,

these islands are surrounded by extensive (<5–10 km2) sub-

marine rock platforms, in some cases with a linear or polygonal

aspect, which are composed of Old Red Sandstone lavas (Insh,

Bach Island and Dubh Sgeir) or Dalradian metasediments.

Across these platforms run resistant SE–NW-trending, linear

ridges (5–30 m wide), surrounded by glacially-scoured linear

Table 1 Stratigraphy of the submarine geology of the Firth of Lorn (adapted from Anderton 1985; Stephenson & Gould 1995)
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basins trending SW–NE ( just E of Fig. 4a). These ridges are

inferred to be igneous intrusives of Tertiary age. Inshore,

coastal rock platforms also occur, the best example being

found at the SW of the survey area, off the coast of Mull.

Here, SE of Loch Buie, 5–7 km2 of exposed rock protrudes

SW in water depths of 20–70 m. As with other bedrock plat-

forms across the region, the outcrop bathymetry has a charac-

teristic wedge-shape, narrowing from 1.2km wide to <0.5 km

at the seaward end.

3.1.2. Linear ridges – sinuous and arrow-head morphologies.

Narrow (<100 m) linear ridges trending SW–NE occur to the

N of the Garvellach islands (Fig. 4c, d). The most prominent

is a 9 km-long sinuous ridge extending SW from the sub-

marine rock platform surrounding and originating from

Dubh-fheith island (Figs 2, 4c). Other less well defined ridges

occur to the NW and are composed of either Dalradian Appin

Group or Old Red Sandstone rocks (Fig. 4). In contrast, a

complex of rock ridges also occurs between the islands of

Kerrera and Mull, in the central and NE region of the survey

(Fig. 6a). Here the ridges extend for 3–5 km and display a

unique, characteristic arrow-head shape, being consistently

wider (100–300 m) to the NE and narrowing to <50 m to the

SW. These ridges are probably tight folds of Appin Group

Dalradian rocks, the arrowhead shape being the result of the

fold axes plunging towards the SW.

3.1.3. Minor igneous intrusives. Where the bedrock is not

buried beneath sediment cover, 5–30 m-wide resistant rock

ridges up to 6 km long are often visible, most with an E–W

to ESE–WSW trend. These are interpreted as dykes of

Tertiary (Palaeocene) age. In some cases (e.g., across the N of
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surveys (2012–2013). Outlined areas show locations of Figures 4–7.

JOHN A. HOWE ET AL.276



the Sound of Jura, and around Easdale, Seil and Luing) these

can be traced onshore and their origins readily identified (Fig.

5a, b). In some occurrences, such as the swarm of four dykes

SW of Easdale Island, the dykes are coincident with sediment

ridges, interpreted as glacial moraines, suggesting that they

may have had an influence in slowing or pinning ice move-

ment leading to glacial sediment deposition (see Fig. 4b).

3.1.4. Submarine cliffs. The Firth of Lorn region includes

part of the submarine extent of the Great Glen Fault (GGF)

complex (Fyfe et al. 1993). The GGF occurs onshore across

the SE of Mull, so it is not unexpected that the survey area

includes numerous examples of major faults exposed on the

seabed. Many of these faults offset the outcrop geology, or

have a seabed expression of a few metres relief. The most im-

pressive and extensive lineament occurs across the central re-

gion of the survey, to the N and S of Insh Island. It extends,

almost continuously, for approximately 24 km, providing a

submarine cliff with a maximum height of over 150 m, notably

W of Insh where water depths drop, almost vertically from

20 m to 180 m over a horizontal distance of <50 m (Fig. 2).

The presence of this feature is very obvious on Admiralty

charts; a submersible dive over it was described by Eden et al.

(1971) and it is shown as a fault on the map of Barber et al.

(1979, fig. 2) who discussed Holgate’s (1969) suggestion

that it could be a splay of the Great Glen Fault. Anderton

(1988), on the other hand, used this lineament to connect the

Benderloch–Ballachulish Slide in Benderloch, to the NE of

the survey area, with the Scarba Fault on Scarba, on the

grounds that both these faults originated as Dalradian syn-

depositional faults that defined the edge of the basin in which

the Easdale Slates were deposited. The new bathymetry shows

that a connection to the NE with the Benderloch–Ballachulish

Slide is quite possible, although unproven, as it passes under a

thick sediment cover north of Kerrera. The extension of the

structure southwards is more complex than previously shown

and it may split, if it is a fault, into several splays which run

both E of Lunga and S of the Garvellachs, as well as through

Lunga into Scarba.
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Less visually striking are the structures extending across the

Gulf of Corryvreckan between Scarba and Jura (Figs 5b, 7).

Here the current-swept seafloor is composed of Dalradian

Jura Quartzite and, although there is a complex fracture

pattern, which has produced the weakness in this very hard

rock that has been exploited by glaciers to form the Gulf,

there is no evidence for any significant fault offset.

3.1.5. Exposed rock surfaces. The main region of bare

rock coincides with the occurrence of the Easdale Slates sur-

rounding the islands of Luing, Seil, Easdale and adjacent to

the islands N of Scarba. It is unsurprising that this extensive

(approximately 20–30 km2) region is exposed, given the

proximity of the strong tidal streams generated by the Gulf of

Corryvreckan and the restricted passages, enhancing tidal flow

between the islands. The influence of the Gulf on sedimenta-

tion is described below, but the exposed bedrock of the Sound

of Luing, Easdale Bay and further S at the northern end of the

Sound of Jura, reveals the structural fabric of the metasedi-

ments (Fig. 5a, b). The contact between the Easdale Slate and

the Scarba Conglomerate is shown on the survey data, where

the more massive quartzites contrast markedly with the foliated

slates and phyllites (Fig. 5a). Locally, the slate is interrupted

by minor intrusions visible as resistant SE–NW-trending

ridges. The origin of the exposed rock surfaces is directly

linked to strong tidal flows, being coincident with the main

tidal streams across the Gulf of Corryvreckan and to the N

with the Little Corryvreckan, or Grey Dogs Race.

3.2. Glacial features and Holocene sediments

3.2.1. Rock basins. There are a number of rock basins

within the survey area, here defined as an enclosed depositional

region with water depths of >150 m. These basins occur

between Lismore and Movern, Kerrera and Mull, and in the

central Firth of Lorn (S of Loch Spelve) and SE of the

Garvellachs (Fig. 2). The basins are complex in shape and

defined by the rock platforms and ridges that surround them.

The basin floors are not smooth, but interrupted by rock out-

crops, ridges and other bedrock features. They are limited in

areal extent, being <5 km2 and all are confined, with the ex-

ception of one SE of the Garvellachs, which only lies partially

within the survey coverage. Grab sampling has recovered fine-

grained sandy mud and clayey mud from these basins. Their

origin is complex, being linked to both the geological structure

of the bedrock of the Firth and its glacial history.

3.2.2. Bedrock megaflutes and streamlines. Across the sur-

vey the effects of glacial erosion are widespread. In the region

S of the Garvellachs and E towards the islands of Lunga there

are bedrock ridges, which have become elongate and smoothed.

A similar region of megaflute preservation is W of Luing, with

the prevailing trend suggesting ice transport from the E from

Loch Melfort. Extensive streamlines noted from previous

surveys in other areas (Stoker et al. 2006; Howe et al. 2012)

are not readily identified in the Firth of Lorn, except for the

examples given above. Two main explanations can be given.

The first is that the Firth of Lorn was inboard of the ‘onset’ of

ice streaming and such structures should appear more offshore.

Alternatively, the absence can be due to a preservation issue,

either during late deglaciation, or from marine erosion. More-

over, the evidence for pervasive sub-glacial erosion is some-

what masked by the prevailing strike of the Dalradian meta-

sediments being coincident with the assumed direction of ice

transport. The resulting effect is one of the linear ridges and

basins morphology throughout the survey. Where the fabric of

the exposed solid rocks geology is not in a SW–NE orientation

(e.g., the dykes through the slates and Old Red Sandstone), a

smoothed, roche moutonnée morphology is apparent.

3.2.3. Elongate rock drumlins. A number of smoothed,

linear bedrock ridges occur across the central and southern

part of the survey area. Typically, these have an elongate or

drumlin style morphology and are smaller and less extensive

than the rocky arrow-head ridges described earlier. These

features are interpreted as wholly glacial or, specifically, sub-

glacial in origin, and they occur extensively across the sur-

veyed area, with the best examples recorded from the area S

of the Garvellachs, where the strike of the Dalradian meta-

sediments is coincident with the NE–SW orientation of the

basin (Fig. 3b). The outcrops have become smoothed and
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elongated, 0.5–0.7 km long and <30 m wide. This region is

also subject to the tidal flows of both the Grey Dogs Race

and Corryvreckan; these high-energy flows keep the basin

relatively sediment-free and reveal the elongate and stream-

lined rock outcrops which are presumed to be the result of

sub-glacial erosion.

3.2.4. Moraine ridges and moraine complexes. Linear sedi-

ment ridges, interpreted as glacial moraines, occur in a number

of areas in the Firth of Lorn. The highest and longest is a

50 m-high sediment bank extending >3 km across the Firth of

Lorn from Mull, south of Loch Don (Fig. 6a). This moraine

is the largest of a series of moraines occurring NW of Bach

Island between Kerrera and Mull and was first noted by

McIntyre (2012) and interpreted as the offshore extension of

the onshore Loch Don moraine of Younger Dryas age (11.5–

12.8 ka). The moraines are sinuous and traverse the rock out-

crops on the floor of the basin in water depths of up to 200 m.

In total, 12 moraines occur in this area, where the Firth

of Lorn is at its narrowest, and <2 km across the deep water

basin between two rock platforms extending from Mull and

Kerrera. This distribution suggests that glacial ice was con-

strained and topographically ‘pinned’, resulting in the deposi-

tion of the moraine complex. Further to the SW, adjacent to

the island of Easdale, a further three moraines occur, although

these are smaller (<20 m) and shorter (<0.5 km). These fea-

tures are related to the positions of dykes that are orientated

NW–SE in this region and are confined to the deeper water

channel in water depths of P70–100 m. Grab sampling across

all these ridges confirms their composition as a diamict, con-

taining principally rounded boulders and sandy mud.

3.2.5. Linear sediment troughs. In some areas of thick,

fine-grained sediment (e.g., N of Kerrera, in Loch Melfort

and Loch Shuna) the superficial sediments are crossed by

narrow linear troughs, typically <2 km in length and <200

m wide and with a wide depth range, below the surrounding

seabed, of 10–120 m. The largest example occurs off NW

Kerrera, where a 2 km-long continuous trough occurs with a

NE–SW orientation. At its SW end, the trough opens out

onto the floor of a 100 m-deep basin, but is constrained at its

southerly flank by rock outcrops. The occurrence of the rock

outcrop might indicate a geological control on the trough’s

origins, with tidal flow becoming focused by the rock outcrops

to produce non-deposition, or even erosion of the sediments.

Toward the NE, the tidal energy is lessened and the troughs

are shallower. Other smaller troughs occur between Lismore

and Oban. These all have an ESE–WNW and WSW–ENE

orientation, approximately parallel to the coast of Kerrera,

suggesting that these also might have a sub-seabed geological

control related to the strike of the underlying solid rocks. At

the northern limit of the Sound of Jura, offshore from Croabh
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Haven, similar linear sediment troughs occur. Here, the sub-

seabed control appears to be fault- or fracture-related, as the

troughs are in line with the noted seabed expression of features

extending from the Gulf of Corryvreckan within both the Jura

Quartzite and Easdale Slates. These troughs are relatively

short (<1 km) and their amplitude is <10 m deeper than the

surrounding 30–50 m-deep seabed. Between the island of

Shuna and Croabh Haven, a complex of linear sediment

troughs mimics the presumed location of sub-seabed faults,

extending across the seabed and into the mainland.

3.2.6. Submarine dunes. As described earlier, the Firth of

Lorn is the location of some of the strongest tidal flows in the

UK, notably the localised flows of the Gulf of Corryvreckan

and Grey Dogs Race. It is unsurprising that the seabed sur-

rounding these two channels exhibits areas of submarine dune

formation, all assumed to be produced by a confined, strong

tidal flow becoming unconfined, leading to turbulence and

vorticity, with the decline in velocity leading to deposition of

the transported sediment load.

The Gulf of Corryvreckan shows two regions of submarine

dunes, E and W of the Gulf (Fig. 7). The largest dune complex

occurs NW of the Gulf extending from the Scarba shoreline,

in 60–150 m of water, 1.7 km NW towards the Garvellachs.

The dune field rises to 25 m above the surrounding seabed

and is up to 200 m wide. The dune crest is formed by a series

of five lunate shaped narrow ridges, each one approximately

150 m long. The composition of the dune, sampled by grab,

is of coarse to very coarse sands and shelly sands. Its location

may represent the limit of the turbulent eddies generated in the

gulf, and referred to as the Great Race. Occurring appro-

ximately 2 km E of the Gulf, in 50 m water depth, are two

isolated banks composed of shelly sands, both with an extent

of <1.5 km2 and an asymmetrical, lozenge shape. The western-

most bank displays a linear form, and superimposed on its

top is a single, curving dune crest, 1.5 km long with three indi-

vidual crests extending from its NW margin, each having an

E–W orientation and each <0.5 km long. The eastern bank is

more compact, and occurs <1 km NE from the western bank

and, similar to its neighbour, has a single dune crest, orientated

N–S from which three individual crests are produced, extend-

ing 50–100 m in a NW–SE direction. These forms of sand

bank and dune with tree-like or trellis morphology have not

been observed anywhere else within the survey area. Their origin

must be assumed to be linked to the higher sediment supply, E

of the Gulf (being closer to the sea loch environments of the

mainland), and to the complex physiography contained in this

small region. Here, the seabed of Easdale Slate is faulted into

narrow channels, and the funnelling action of the tides may

have combined to both capture and winnow the sediment,

generating the turbulence necessary to produce the observed

dune and dune crest morphologies.

The Grey Dogs Race is a narrow (approximately 100 m

wide) channel between the islands of Scarba and Lunga.

Locally, tidal flows in excess of those of the Corryvreckan

can occur, although the channel is narrower and much shorter

(<800 m). The main dune development occurs E of the channel,

and on the E side of the Sound of Luing, adjacent to the Luing

shoreline, in 30–50 m of water. The dune field is again devel-

oped in coarse sands and is diamond-shaped, with an area of

1 km2. In contrast to the Corryvreckan dunes, this region has

no well-developed crest, but a <100 m2 patch of sand waves

at its SW edge.

One of the most striking observations from the entire survey

is the occurrence of an extensive field of dunes W of the

Corryvreckan. Here, a 1.5 km2 dune field occurs in water

depths of around 100–150 m. Crest-to-crest wavelengths are

20–120 m and wave heights are approximately 3–10 m from

the surrounding seabed. The dunes form continuous or semi-

continuous sinuous ridges 0.75–1.2 km long, in an approxi-

mate N–S orientation. As with the dune ridge to the north,

this dune field occurs beneath the main turbulence of the

Great Race, and its position is assumed to be the product of

the confined, high flows of the Gulf becoming unconfined and

depositing coarse sands, previously held in suspension, onto

the sea floor.

Two smaller (1 km2) areas of dunes, locally rippled, occur at

the SE corner of the survey, close to the Craignish Peninsula at

the N end of the Sound of Jura. These two areas of dunes are

similar to those in the Sound of Luing, being lozenge shaped

and formed in the lee of two islands (Reisa an t-Sruith and

Reisa Mhic Phaidean, Fig. 5b). The sediment was confirmed

to be coarse sand (Crump 2013) and has formed on the eastern

side of the islands, in the lee from the main tidal flow of

the Corryvreckan and the confluence of flows from the race

generated by the Dorus Mor to the S of the survey area.

The dunes observed in the Firth of Lorn are typical ‘banner

bank’ types (Shaw et al. 2012). These features form as a result

of the turbulence at the boundary of unconfined flow pro-

duced by a bathymetric obstacle or passage.

3.2.7. Sea lochs and associated inshore basins. The fjordic

landscape of indented sea lochs that characterises the W coast

of Scotland is the most obvious evidence of the region’s perva-

dunes
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dunes
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Figure 7 Submarine dunes within the Gulf of Corryvreckan, between the islands of Jura (S) and Scarba (N),
illustrating the linear dunes to the north of the Great Race, the extensive field of dunes developed beneath the
Great Race. Western Corryvreckan and eastern Corryvreckan dunes are interpreted as banner bank develop-
ments. The N–S-trending features are epidiorite dykes; the NE–SW-trending features are bedding surfaces; the
E–W- and SE–NW-trending features are interpreted as small faults and fractures. For location, see Figure 2.
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sive glacial history. In the Firth of Lorn, a number of signifi-

cant sea lochs have been surveyed in the course of this study;

notably, Loch Spelve (Mull), the area surrounding Shuna,

including Loch Melfort, and Seil Sound. Also of note are

extensive areas of inshore, shallow water (<50 m) which con-

tain thick accumulations of muds, such as the area at the NE

of the survey, between Oban and Lismore and the region S

of Kerrera. In all these areas, the seabed is smooth and only

locally interrupted by rock outcrops (e.g., Loch Melfort) or

by buried sub-seabed ridges (e.g., SE of Lismore). These re-

gions are supplied with fine-grained, organic-rich sediment

via Holocene riverine input from Loch Etive and Loch Linnhe

to the N and from Loch Feochan to the E.

3.2.8. Pock marks. Pock marks are a ubiquitous feature

of fine-grained depositional basins in inshore areas with a

high organic loading from suspended sediment. In the sea

lochs of the Firth of Lorn, pock marks are abundant, with

the main areas being Loch Melfort, S of Kerrera, opposite

the entrance of Loch Feochan and the main area between

Oban and Lismore (Fig. 6b). Throughout all these areas, the

occurrence of pock marks is evidence for extensive sub-surface

gasified sediment. Fader (1991, 1997) and Judd & Hovland

(2007) describe gasified fine-grained sediment as a common

feature of fine-grained sediments in inshore areas. The pock

marks are 10–100 m in diameter and 10–20 m deep. They

mostly occur in a linear arrangement, suggesting sub-surface

gas migration along syn-sedimentary faults, or thicker accu-

mulation of gasified sediments within the basins. The pock

marks in Loch Melfort are subtle in relief, perhaps indicating

they are inactive and now becoming infilled by sediment. Of

note is the complete absence of pock marks in the main sea-

way of the Firth of Lorn, an indication of either coarser-grained

sediment, an absence of sub-surface gas and/or absence of un-

consolidated sediment.

4. Bedrock and structural interpretation

The main features of the bathymetry of the area are clearly a

consequence of the bedrock geology. The Quaternary sediment

cover is generally too thin to totally mask the bedrock geology,

except at the NE edge of the survey, north and south of

Kerrera, and in some of the sea lochs, such as Loch Melfort.

In order to describe the submarine bedrock geology from

the bathymetric data, the survey area can be divided into three

areas: (i) the area of well-defined ridges and troughs in the

SW; (ii) the platform area east of the Insh Fault; and (iii) the

rest of the area which includes the deeper water central section

of the Firth and the NE area. The principal stratigraphic units

referred to are summarised in Tables 1 and 2.

Table 2 Principal stratigraphic elements of the Dalradian outcrops of the Firth of Lorn (adapted from Anderton 1985; Stevenson & Gould 1995)
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4.1. The southwestern area
The geological structure of the string of islands stretching

from the Garvellachs to northern Jura is relatively simple: the

rocks dip SE at 30–40� and consist of Dalradian meta-

sediments – the Islay Limestone and Port Askaig Tillite on

the Garvellach Islands and the Jura Quartzite on Jura and

Scarba. Immediately to the NW of the Garvellachs are a series

of well-defined ridges and troughs running parallel to the

Garvellachs, which is the local strike direction. This pattern

is interpreted as the result of differential erosion of more and

less resistant units within the Appin Group, which underlies

the Islay Limestone. By comparison with the known onshore

successions in Appin and on Islay, the stratigraphic horizons

most likely to be forming these features are the Appin Quartzite

and the Ballachulish Limestone. The ridge and trough pattern

can be followed for some distance to the N of the Garvellachs,

where it swings towards a more north-north-easterly strike and

becomes somewhat broken up by a fault zone. The Dubh-

fheith platform, NNE of the Garvellachs, is an extension of

the Garvellachs ridge and is probably composed of the Port

Askaig Tillite. The deep trough immediately to the SE of the

Garvellachs, which then runs to the NNE, just W of the Insh

Fault, could be the result of the erosion of the soft lithologies

of the Bonahaven Dolomite, which overlies the Tillite on Islay

but is not seen onshore in the Firth of Lorn area.

To the NW of these Appin Group features is another set of

ridges and troughs with a more northerly trend. The bathy-

metric data across these ridges show a rubbly texture, although

there are some large, smooth planar surfaces which can be

interpreted as bedding planes. These dip towards the W or NW,

and hence the succession youngs to the NW, in the opposite

direction to that seen in the Dalradian. At the SW extremity

of the survey area, what must be the stratigraphically lowest,

ridge-forming unit appears to truncate the structure in the

Dalradian, cutting across the lowest (i.e., most north-westerly)

ridge in the Appin Group. This relationship is interpreted as an

unconformity between the Dalradian and the Old Red Sand-

stone. The rubbly character of the ridges is similar to that

seen on the E side of the Firth, where ORS lavas can be traced

offshore from outcrops on the islands of Seil, Insh and Kerrera.

Therefore, it is possible the ridges are composed of lavas with

at least some sandstone and conglomerate, indicated by the

large bedding surfaces, and the troughs are dominated by silt-

stones and mudstones. These suggestions are confirmed by the

dive sites described by Barber et al. (1979), who recovered

samples from four locations within this area composed of

lavas, sandstones and conglomerates that were all interpreted

as of Lower ORS age. Traced NE, these ridges run into the

coastal platform that fringes SE Mull, and the ORS must con-

tinue at depth under the Tertiary lavas SE of the Great Glen

Fault, as seen in the Loch Don anticline. Along the coast, a

thin Jurassic unit lies between the ORS and the Tertiary lavas.

4.2. The eastern area
The onshore coastal areas, to the E of the Insh Fault, consist

of ORS sediments and volcanics sitting unconformably on the

Dalradian Easdale Slates. On the rock platform areas around

the Slate Islands (Luing, Seil, Easdale, Belnahua, etc.), the

seabed shows a distinctive ‘folded and foliated’ character,

reflecting the relatively homogeneous nature of the Easdale

Slates and their pronounced cleavage. Linear features, indicat-

ing NW-trending Tertiary dykes, are also well displayed here

because they form positive features against the softer slates.

In contrast, seabed areas adjacent to ORS outcrops on Seil,

Kerrera and Insh Island show a rubbly texture, with any

ridge-like features being on a larger scale than in the Easdale

Slates and indications of Tertiary dykes being much sparser.

Determining the base of the ORS involves tracing the bound-

ary between these two types of seabed character. This suggests

that the ORS forms one ridge extending northwards from Insh

Island to Kerrera, bounded to the W by the Insh Fault, and

another which extends northwards from Seil, a short distance

towards Kerrera.

4.3. The north and central areas
The submarine geology of the area between Lismore and

Oban can be interpolated from onshore information. The

Lismore Limestone (broadly equivalent to the Islay Limestone)

can be extended from Lismore SW until it is truncated by the

ORS and NW until it meets the Great Glen Fault. Southeast of

Lismore, there are two poorly-defined ridges running parallel

with the strike of the beds on southern Lismore, the more south-

easterly one being interpreted as the Appin Quartzite because it

crops out on Creag Island (Hickman 1975). The stratigraphy

in this area, therefore, youngs towards the NW. To the SE of

the Appin Quartzite ridge one would expect to find, by exten-

sion from what is seen in Appin and Benderloch (Litherland

1980), the core of a major anticline, the Airds Hill Anticline,

within the incompetent beds of the Leven Schist. Further SE

of this there should be a SE-younging succession, passing up-

wards from the Appin into the Argyll Group. Unfortunately,

none of this is visible because of the thickness of the Quaternary

sediment cover, until the area offshore from the middle of

Kerrera. In this area there are a series of narrow SW-tapering

ridges that are interpreted as tight fold noses, plunging gently

SW. This interpretation is consistent with a position in the

core of the Airds Hill Anticline and a stratigraphic position

low in the Appin Group. If the axis of this major fold does lie

in this zone of tight minor folds, the major fold axis probably

continues SW into the area of deep water and subdued relief

NW of Insh Island, before disappearing under the ORS uncon-

formity.

The SE limb of the Airds Hill Anticline in the Appin–

Benderloch area is cut by a major extensional fault which

cuts out a variable amount of Appin and Argyll Group stra-

tigraphy, from as low as the Leven Schist to as high as the

Easdale Slates. This fault, the Ballachulish–Benderloch Slide

was extended by Anderton (1988) southwestwards down the

Firth of Lorn to join up with the Scarba Fault, and the whole

structure is interpreted as a syn-depositional basin-bounding

fault defining the edge of the Easdale Slate basin. The Insh

Fault can now be identified as the central section of this fault

system with the consequence that, at least from offshore

Kerrera to opposite Loch Spelve, this fault may well separate

the Leven Schist on the W from the Easdale Slates, overlain

by ORS, to the E. Although originating as a Dalradian

depositional feature, this fault must have been active during

the deposition of the ORS and may have defined the local

edge of the ORS basin, in the same way that the Great Glen

Fault defines the local edge of the ORS on the NW side of

the Firth.

5. Discussion

The survey data presented here have revealed the detailed geo-

logical structure and stratigraphy of the Firth of Lorn. Super-

imposed over the main stratigraphic and structural elements

are the more recent depositional features, testament to the

region’s glacial and post-glacial evolution. The strong tidal

flows, a characteristic of the Firth, also have influenced the

seabed geomorphology. Given the diversity of geomorphol-

ogical features displayed, here we discuss a few of the major

features that have implications for the region’s geological

evolution.
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5.1. Seabed structural controls – faulting
Of particular note, and the feature that dominates the survey,

is the 24 km-long, 150 m-high lineament, termed here the Insh

Fault. Anderton (1988) noted this as a major structural ele-

ment, as had others (Barber et al. 1979); however, the correla-

tion of the Benderloch–Ballachulish Slide and the Scarba Fault

was only assumed on the basis of onshore outcrop geology.

The origins of the fault are complex and not fully understood,

but appear to include phases of both Dalradian and ORS age

extensional faulting, with downthrow towards the SE on both

occasions. The older, Dalradian rocks on the upthrown, NW

side of the fault have been preferentially eroded so that the

original relief along the fault has been reversed, making it a

fault-line scarp, rather than a fault-scarp. The fault line dis-

appears under Quaternary sediments N of Kerrera, but its

strike is correct for it to link with the Benderloch–Ballachulish

Slide to the N, as suggested by Anderton (1988). To the SW, it

appears to link with the Scarba Fault, but splays may also pass

E of Lunga and W of Eilean Dubh Beag.

The submarine cliff has potential for being a refuge for

vulnerable habitats (e.g. cold water corals, deep-water gorgo-

nians), as well possibly having an influence on the circulation

of waters within the Firth. The fault, when viewed in the wider

context of the extensive faulting visible on the seabed, is part

of a number of extensive faults and fault splays that represent

the regional extensional tectonics since the Caledonian Orogeny.

The main Great Glen Fault has only a muted seabed expression,

and its location across the SE area of Mull suggests that its

control on seabed morphology is limited.

5.2. Evidence of glaciation
Evidence for Quaternary glaciation and post-glacial environ-

mental change is pervasive in the surveys, in particular the

linear ridges, interpreted as glacial moraines. The moraines

extending from Loch Don on Mull to Kerrera are especially

notable in their linear extent and their excellent state of preser-

vation. This excellent preservation is certainly not diagnostic

of moraine age, but it does suggest that the moraines are late-

glacial, possibly Younger Dryas, in origin. These moraines

have been noted before from a short area of survey (McIntyre

2012), and were described as Younger Dryas, although their

precise age remains unresolved. However, the complex of

arcuate moraines interpreted as occurring between Lismore

and Mull is more puzzling, exhibiting a superimposed character

that suggests phases of ice advance, still-stand and retreat. This

complex pattern is not noted elsewhere and is difficult to

interpret, especially in the context of the large, simple linear

moraines between Mull and Kerrera. One possible scenario

is localised ice becoming topographically pinned against the

shallow water areas, against the Mull side, with further ice

transported down the Firth of Lorn to the SW, leading to

competing glacial sources, one local from Mull and one more

persistent from Loch Linnhe. The lack of obvious glacial fea-

tures to the SW of the survey, in the outer Firth, is an indica-

tion of the influence of the strong tidal streams, combined with

the lack of sediment cover available to preserve any features.

However, some streamlined bedrock is evident and, given that

the interpreted onset zone is further out on the shelf (Howe

et al. 2012), this streamlining is perhaps not surprising.

5.3. Submarine dune development
The strong tidal flows in evidence towards the south of

the survey, driven by the flow of water through the Gulf of

Corryvreckan, and the Grey Dogs Race (or Little Corryvreckan),

provide a unique opportunity to examine both the detailed sea-

bed stratigraphy around Jura, Scarba and the Sound of Luing.

They also reveal the effect of strong turbulent flows on sedi-

ment mobility. A similar study, also based on bathymetric sur-

veys and seabed sampling, in the Bay of Fundy (Shaw et al.

2012; Li et al. 2013), enables comparisons with the features

around Corryvrecken. The Bay of Fundy has the largest tides

in the world (16.3 m; O’Reilly et al. 2005) and flow velocities

of up to 5 m s-1 (Shaw et al. 2012). The Gulf of Corryvreckan

only has tidal heights of approximately 4 m, but has similarly

high velocities as a result of the constriction of flow between

Jura and Scarba. Submarine dunes and bedrock swept free of

sediment are noted from both areas; in particular, the develop-

ment of banner banks, pairs of banks either side of a bedrock

high or headland (Dyer & Huntley 1999). The submarine

dunes formed to the E and W of the Gulf of Corryvreckan are

interpreted as banner banks. The main submarine dune field,

developed in deeper water to the west of Corryvrecken, is com-

parable to the Minas Passage dunes, with the exception that

these features occur in much deeper water. The Minas Passage

study demonstrates the complexity of features that can develop

under strong tidal flows, limited sediment mobility and with

the interplay of bathymetry from exposed (exhumed) bedrock

surfaces. The Minas Passage displays gravel mega-ripples,

banner banks, dunes and sand waves resulting from the flow.

The Minas Passage situation is interpreted as being similar to

that of the Corryvreckan, although further study (e.g., sedi-

ment modelling combined with detailed sedimentary mapping

and hydrodynamic observations) is required to fully under-

stand the development and, to some extent, age of these fea-

tures. The evolution of the Minas Passage system is interpreted

to have its origins in Holocene tidal amplification and sea level

rise around 3.4 ky BP. Whilst the Minas Passage features are

linked to the wider evolution of the Bay of Fundy, and the

change in physical conditions of the estuary, the Firth of

Lorn, essentially being a deep-water region of complex bathy-

metry, might not have such a strong sea level control, although

it is certainly probable that the development of the dunes is

linked to changing post-glacial tidal conditions.

The INIS Hydro survey has revealed the complex bathy-

metry of the Firth of Lorn, a bathymetry influenced by the

bedrock structure and subsequent glacial and post-glacial

history. As further surveys become available, notably the Civil

Hydrography Program (CHP) surveys across the Hebrides

Shelf, this geologically complex and diverse region will be-

come better understood. This relatively modest region of the

UKCS has shown how powerful comprehensive bathymetric

surveys can be in providing new insights into the tectonic,

hydrodynamic and environmental evolution of this previously

poorly understood region.

6. Conclusions

A recent 553 km2 high-resolution multibeam echo-sounder

bathymetric survey of the Firth of Lorn, western Scotland,

has revealed the structure and seabed geology of the region.

The seabed is predominantly characterised by bedrock and a

series of narrow, stratigraphically-constrained depositional

basins within the Proterozoic and Palaeozoic-age bedrock.

The basement throughout the area is composed of Dalradian-

age metasediments unconformably overlain by Silurian-age

Old Red Sandstone and lavas. The resistant submarine rock

platforms that form the shallow water areas (<50 m) are com-

posed of a variety of rock types, including Dalradian quartzites,

tillites and slates, as well as ORS sediments and volcanics.

The region is dominated by a 24 km-long vertical cliff that

is interpreted as the seabed expression of a fault, here termed

the Insh Fault. The origins of the fault are not well under-

stood, but appear to be a combination of Dalradian-age fault-

ing and erosion of the softer metasediments of the central
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basin. This fault can be traced NE, where it coincides with

the Scarba Fault in the S of the study area, and N, where

it has been previously been referred to as the Benderloch–

Ballachulish Slide (Anderton 1988).

Evidence for past glaciation is extensive throughout the

region, with rock streamlines, megaflutes, drumlins and pre-

served seabed moraines common. Typically, the regions of

the inner Firth of Lorn contain numerous moraines, whilst

the outer Firth of Lorn is characterised by subglacial erosion.

It is assumed that all these features were produced during the

late glacial of the Devensian (<20 ky).

The surveys include the extreme tidal flows of the Gulf of

Corryvreckan and Grey Dog’s Race. Here, submarine dune

developments are revealed, to the E and W of the gulf. The

dunes are elongate in shape, up to 1.7 km long, display a series

of crests, and are assumed to have formed as tidal flow velocities

rapidly decrease away from the channels.

These initial geomorphological and geological interpreta-

tions of the survey data reveal the Firth of Lorn to be a geo-

logically diverse region and show how new, high-resolution

multibeam data can provide additional information on sea-

floor outcrop geology and geological history. Future work

will focus on examining the benthic habitats and geological

setting of the Insh Fault and the dynamic setting of the

submarine dune development in the Gulf of Corryvreckan.

Additional surveys using an autonomous underwater vehicle

(AUV) with a remotely operated vehicle (ROV) would provide

detailed seabed imagery and photography.
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Ó Cofaigh, C., Dunlop, P. & Benetti, S. 2012. Marine geophysical
evidence for Late Pleistocene ice sheet extent and recession off
northwest Ireland. Quaternary Science Reviews 44, 147–59.

O’Reilly, C. T., Solvason, R. & Solomon, C. 2005. Where are the
World’s Largest Tides? In Ryan, J. (ed.) Bedford Institute of
Oceanography Annual Report 2004, 44–46.

Shaw, J., Todd, B. J., Li, M. Z. & Wu, Y. 2012. Anatomy of the tidal
scour system at Minas Passage, Bay of Fundy, Canada. Marine
Geology 323–325, 123–34.

Stephenson, D. & Gould, D. 1995. British regional geology: the Gram-
pian Highlands (4th edition). London: HMSO for the British
Geological Survey.

Stoker, M. S., Bradwell, T., Wilson, C., Harper, C., Smith, D. &
Brett, C. 2006. Pristine fjord land system revealed on the seabed
in the Summer Isles region, NW Scotland. Scottish Journal of
Geology 42, 89–99.

Trewin, N. H. & Thirlwall, M. F. 2002. The Old Red Sandstone.
In Trewin, N. H. (ed.) The Geology of Scotland, 4th Edition. Lon-
don, Bath: The Geological Society. viiiþ 576 pp.

MS received 8 January 2014. Accepted for publication 4 May 2015.

JOHN A. HOWE ET AL.284



Appendixes 

 

320 
 

 
 



Appendixes 

 

321 
 

9.2. Appendix II 
 

Interpreted seismic lines  
 

In the following pages are shown the annotated BGS 1985 pinger lines (Figure 9.2) that 

have been interpreted as part of the study reported in Chapter 3. The position of the seismic 

profiles and the key to line drawings are presented in Figure 9.1, while the complete 

description of the seismic units is given in Chapter 3. 

 

 

 
Figure 9.1 – Location of the pinger lines and key to line drawings



 

 
 

Figure 9.2 – Interpreted pinger lines 

 



 

 
 

 



 

 
 

 



 

 
 

 



 

 
 



 

 
 

 

9.3. Appendix III 
 

BGS Borehole data (in Chapter 3) 
 

BGS Borehole 78/02 – 66m late Devensian, of which ~18 m recovered (27%) 

After the first centimetres of grey-dark (10YR 4/2) well-sorted sands presents an almost 

uninterrupted sequence of clays. These clays are initially soft but become firmer downcore. 

They present a dark-grey colour (10YR 4/1) and some carbonaceous particles and pods at 

top, substituted by virtually consistent clays gritty with pebbles from 6 m onwards. The 

clays become firm-very firm at 40 m (10YR 3/1). On the natural gamma ray log the counts 

drop from ~85 to ~60 at about the same depth. The last metre is characterised by a cobble 

deposit (gneiss and dolerite). The Quaternary sits on Jurassic siltstones. 

 

BGS Report 94/482, from Sharp, J. and Harland, R. Dynoflagellate cyst analysis 

Two different units are established in the borehole, generally indicating a climate “somewhat 

colder” than present days but with some influence from the North Atlantic Drift. From 0 to 

51 metres they define Unit I, rich in dinocysts dominated by Bitectatodinium tepikiense 

(Wilson) with subordinate Operculodinium centrocarpum (Deflandre and Cookson). A 

downhole increase in proportion of Peridiniacean cysts may indicate a possible shallowing of 

the environment deposition. The assemblage indicates an intermediate neritic environment. 

Poorer assemblages of dynocysts between 27 and 41 m may indicate some severity in the 

environment. From 51 to 66 m Unit II is defined, the dynocysts are still diverse and 

abundant but are dominated by Bitectatodinium tepikiense (Wilson) with subordinate 

Protoperidinium spp. Indet. This unit indicates similar conditions to Unit I but in a nearer 

shore situation. 

 

Foraminifera analysis by Diane Gregory 

The sequence of faunas is characterised by predominant Elphidium clavatum and changes in 

the proportions of Cassidulina obtusa and Cassidulina laevigata. Results are inconclusive 

regarding whether these changes are caused by minor variations in depth or temperature. 

 

 

BGS Borehole 81/10 & /10A – 50 m late Devensian, of which ~31.9 m recovered 

The borehole presents a 1 m initial interval of fine muddy sands (5Y 4/2) that, albeit 

sampled at around 4 m depth may represent the layer below sea bed. There follows a thick 

sequence (~15 m) of soft silty, locally sandy dark grey (5Y 4/1) muds. The content in H2S is 

high, and several shell fragments are present, and the sediment reacts moderately or strongly 

to HCl. At 14-15 m the material becomes darker (N2 5) with carbonaceous streaks. From 20 

m depth it follows about 5 m of grey-brown clay and with carbonaceous dark grey laminae, 

locally sandy and micaceous. Very sparse outsize clasts. From 25 to 31 m the clays become 

darker (4y 3/1) and at the base are silty, sandy and with few rounded pebbles. The lithology 
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continues for about 20 m (80% recovery) to be more or less soft, plastic silty clay with few 

pebbles and granules. From 40 m the clay becomes silty, locally sandy and from 43 m it is 

firm. At 50 m it is stiff and dark grey (1.5YR 3-5/1), carbonaceous, and at 53 the clay (N3) 

includes ~20% gravel (also basic igneous cobbles). From about 56 m the lithology changes in 

muddy silt, stiff and dark grey (2.5Y 3/1), slightly sandy with trace of shells and few 

intercalations of clay. Pre-Late Devensian from this point on. 

 

BGS Report 94/520, Foraminifera analysis by Diane Gregory.  

Two units can be distinguished in the borehole. Unit 2 spans from about 3.75 to 90.0 m and 

empompasses all the Late Devensian deposits. Similar conditions are postulated throughout 

this unit although it is unlikely that they were continuous. No samples were submitted 

between 37.85 and 79.10 m, and there is evidence at 37.85 m for deteriorating conditions in 

the paucity of the fauna. Elphidium clavatum, Cassidulina reniforme and Cibicides lobatulus 

are the dominant species. Overall, the report suggests cold water conditions with water 

depths varying around 20 m. 

 
Table 9-1 - BGS report 94/521, by Terrasearch Limited (L. 31/1544). Particle size analysis 

Depth (m) Lithology 

6.5 silty clay 

20.75 silty clay 

23  silty clay 

24 silty clay 

33.5 silty clay 

37.7 silty clay 

38.4 silty clay 

41.8 silty, slightly sandy clay 

44.2 silty, slightly sandy clay with trace of gravel 

47.25 silty, slightly sandy clay 

49.45 silty, slightly sandy clay 

52.7 very silty, sandy clay 

 

 



 

 
 

Cruise Report - Firth of Lorn May 2014 
 

 
 

Summary 
This cruise report summarises operations onboard the RV Calanus between the 21st and 23rd 
of May 2014, during the Firth of Lorn sampling Cruise. This sampling cruise was funded 

through the GLANAM Budget and forms part of Riccardo Arosio’s PhD project with the 

intention of reconstructing deglaciation patterns in the outer and inner Firth of Lorn. The 
principal scientific objective of the cruise was to collect sediment core samples using a 3 and 

5 metres gravity corer. The planned study sites were located in the Firth of Lorn and few 

miles off the Isle of Iona. The cores collected during the cruise account to 29.77 metres of 
material, obtained from 16 successful locations. Of the 16 cores, 11 were collected with 3 

metres gravity corer and 5 with the 5 metres corer. This report presents a summary of 

operations, location of all sample sites and preliminary scientific observations. It also includes 
details of shipboard personnel and track charts. 

 

Rationale 
One of the main aims of the GLANAM project is to contribute to the understanding of the 
extent, timing and rates of decay of the marine-based British-Irish Ice Sheet (BIIS). Each of 

the samples collected during the cruise can provide valuable information in order to achieve 

this objective for the Firth of Lorn area. The three main objectives are listed below: 

• Define a chronology of ice retreat across the Firth of Lorn. Recent swath 

bathymetry data from INIS Hydro and UKHO permits the study of glacial features, 

such as end-moraines or drumlins, preserved at seabed and provide a better 
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understanding of the ice-sheet flow system. But only a rigorous chronological 

constrain can help in completing the reconstruction of the deglacial dynamics of BIIS. 

• Review the Quaternary stratigraphy of the area. To investigate how the ice sheet 

margin evolved in this region it is crucial to ground-truth the stratigraphy and 

lithology of the area, which in the past has been interpreted from limited seismic 

data, grab samples and two long BGS boreholes (71/09 and 73/25).  

• Determine the internal structure of previously unknown geomorphological features 

preserved on the sea bed. The lithology and age of these features, identified from new 

multibeam swath bathymetry in the Lorn area, help to reveal the nature of the 

former glacial system, and the evolving marine landscape since the ice retreat. 

The sediment obtained will used to conduct a series of analyses from basic lithofacies 

description to foraminifera assemblages and radiocarbon dating.  

 
Previous datasets  

Both multibeam and seismic data, previously collected by the MCA and BGS, were 

fundamental in determining the sampling sites. The seismic profiles used are the legacy from 
the BGS surveys in 1968 and 1972 (sparker data), whereas the multibeam datasets used have 

been acquired in 2011. The BGS UK Offshore regional Report “The Geology of the Malin-

Hebrides sea area”, edited by Fyfe et al. (1993), was very useful in order to locate the gaps in 
our understanding of the Quaternary stratigraphy of the Firth of Lorn area. 

 

Site Numbering 
Before the cruise a list of potential sites was produced, based mainly on geomorphological 

features (moraines, basins etc.) observed on the MBES data and with the intention of 

sampling the biggest possible area. Each potential site was allocated a site number, from 1 to 
16. When new sites were chosen during the cruise, the site number was prefixed with the 

letter “B”. In two different cases (B2 and B5) an adjacent site was added to the main one 

and given the suffix “b” (respectively B2b and B5b). The explanation for this is given in the 
Cruise Log. An official SAMS sample number was only allocated, once sampling was 

attempted at a particular site and a core sediment of at least 20 cm was recovered. This 

number comprises the prefix “GC” (gravity core) and is followed by a number corresponding 

to SAMS core numbering. For sites with no recovered sediment is given the number of 
attempts preceded by the hash key.The correlation between original sites designation and 

official SAMS sample sites numbers is given in Table 9-2 along with a full summary of each 

sample site. The location of the sample sites is displayed in Figure 9.3. 

 

Cruise synopsis 

Vessel name: RV Calanus 

Length: 65' (overall); 61' (waterline) 

Beam: 22' 

Working draft: 10' (full fuel + water + 3 tonnes equipment)  

Owner: Scottish Association for Marine Science, UK. 
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RV Calanus Crew 
Master: Norman Smith 

Mate: Paddy Lewtas 

Cook/Deckhand: David Reid 
 

Science Party 

Riccardo Arosio, SAMS; Dr. John Howe, SAMS; Dr. Roger Anderton; Dayton Dove, BGS 
 

Navigation 

Primary navigation and positioning onboard the RV Calanus is by differential global 
positioning system with a 2 Furuno DGPS system. The positional data were run through 

navigation-logging and display software. The central reference point of the vessel was used 

during gravity coring as no instrument was attached to the equipment to record the position 
of the corer relative to the vessel. 

 

Cruise Log 
The vessel sailed from Dunstaffnage, Dunbeg to the southern coast of Mull at 8:00 on the 21st 

May to test the corer close to site 2. With fair weather it then sailed for 5 hours to the south-

west side of the Isle of Iona to obtain gravity cores of the sediment there, characterized by 
elongated ridges (mega scale glacial lineations and drumlins). Before anchoring in Loch Buie 

for the night it collected a sediment core at site 8 at 19:57 (Figure 9.3A). The following day 

the RV Calanus sailed to sample site 7, 9, 10 and unsuccessfully sites 11, 12, 13 south-east of 
the Garvellachs. Site B1, SE of Garbh Eileach was added in order to core a drumlinoid 

feature observed on the bathymetry data the same day. Three more sites were sampled 

before the end of the day. The night was spent close to Kerrera in Port a’ Chroinn (Figure 

9.3B). The final day the vessel returned to the south coast of Mull, Loch Spelve area for 

further coring at site 1, 2 and 3. Sites B2 to B5 were added for a more complete sampling of 

the features observed in the area. Due to a mistake with the coordinates, site 3 was not 

corresponding to a slide body observed on the MBES data. Hence site B2b was defined and 
cored. Site B5b substituted site B5, being this too close to a power cable. The vessel to 

Dunstaffnage the 23rd May at 15:00 (Figure 9.3C).The weather proved to be fair during the 

three days, with mainly northerly winds blowing and only big swells off the Isle of Iona, 
which nevertheless did not hinder the coring operations. 
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Figure 9.3 – track charts for the three days-cruise and location of coring sites 



 
 
 
 
 

 
 

Table 9-2: here is presented a list of the coring sites with relevant information and in order of collection date. The three different shadings define the three days of the 

cruise. If not indicated otherwise the 3m barrel was employed. 

Site ID/attempt LatDDS LongDDS Time W Depth (m) Recovery (cm) Comments 

 
#1 5° 39.038' 56° 23.291' 09:51 78 No test 

15 GC 147 6° 33.601' 56° 16.315' 14:47 65 115 Muddy diamict 

14 #1 6° 36.770' 56° 17.090' 15:35 72 No Flat seafloor, the corer brought to surface only handfuls of pebbles, 
probably suggesting the presence of hard sands covered by a veneer of 
reworked gravel, maybe of glacial origin. 

14 #2 6° 36.676' 56° 17.162' 15:48 72.5 No 

14 #3 6° 36.582' 56° 17.224' 15:56 72.7 No 

16 #1 6° 36.729' 56° 13.787' 16:34 66.5 No   

16 #2 6° 36.743' 56° 13.784' 16:43 66.1 No sampled gravel 

8 GC 148 6° 00.799' 56° 15.191' 19:57 85.9 249   

7 GC 149 5° 53.948' 56° 17.672' 08:05 141 207   

9 GC 150 6° 00.482' 56° 12.324' 09:14 90.3 260  5m barrel 

10 GC 151 6° 03.639' 56° 11.305' 09:57 86 391  5m barrel 

13 #1 5° 51.210' 56° 10.270' 11:23 280 No  5m barrel 

12 #1 5° 48.032' 56° 12.023' 12:10 257.9 No sampled gravel and shells 

12 #2 5° 48.095' 56° 12.064' 12:45 265 No sampled gravel and shells 

11 GC 152 5° 45.509' 56° 13.498' 14:09 243 246  Basin; 5m barrel 

B1 GC 153 5° 44.925' 56° 13.992' 14:44 192 29  Drumlinoid feature; 5m barrel 

6 GC 154 5° 44.081' 56° 19.230' 15:54 213 170  Basin; 5m barrel 

5 GC 155 5° 41.906' 56° 20.305' 16:40 220 164 Basin, lost very top (sandy mud) 

4 GC 156 5° 40.773' 56° 20.097' 17:29 216 116 Basin, lost very top (sandy mud) 

2 #1 5° 39.554' 56° 22.577' 08:02 128.6 No   

2 #2 5° 39.390' 56° 22.661' 08:20 128 No Deposits in-between moraines, Isle of Mull, sampled a bag of pebbly mud 

3 GC 157 5° 40.162' 56° 22.695' 08:50 63 202  Side of Mull submarine cliff 

B2 GC 158 5° 40.630' 56° 22.490' 09:31 38.9 231  Headwall of entrance of Spelve slide 

B2b GC 159 5° 40.251' 56° 22.145' 10:08 114.8 231  Body of entrance of Spelve slide 

B3 #1 5° 38.959' 56° 23.054' 10:42 98 No Big moraine, East of Eas Mor river, sampled gravel 

B3 #2 5° 39.012' 56° 23.018' 11:03 87.6 No Same as above 

B4 GC 160 5° 36.893' 56° 23.647' 11:31 126 83  Drumlin-like ridge, cross-cut by moraine (site B5, not sampled) 

B5b GC 161 5° 37.989' 56° 23.209' 12:21 146.9 252  Small moraine close to site B4 

1 GC 162 5° 37.679' 56° 24.108' 13:49 202 60  Basin; 5m barrel 
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9.4. Appendix IV 
 

Geochemical analyses of JC106 cores 140, 

149 and 151VC 
 

Separation of Pb in authigenic and detrital fractions 

Bulk marine sediments are composed of distinct fractions: exchangeable, bound to 
carbonates, bound to organic matter, bound to FeMn oxyhydroxides and a residual (detrital) 

fraction (Tessier et al., 1979). Lead was extracted from the hydrous and authigenic FeMn 

oxyhydroxide (leachates) and detrital fraction of 76 samples using a technique adapted from 
Crocket et al. (2012). All work was conducted under clean laboratory conditions in “Class 

100” cleanhoods, using Savillex PFA labware. Acids and leaching reagents were prepared with 

18.2 MΩ deionised (DI) water. The acids used for all sample preparation, column chemistry 
and isotope measurements, were Romil Ultrapure or Merck AnalaR grade reagents, the latter 

further purified by double sub-boiling distillation in Teflon stills. 

 

Leachates protocol 

The samples were freeze dried, fully disaggregated and homogenised in a mortar. About 100 

mg of sediment for each sample were transferred to a 15 mL polypropylene centrifuge tube 
with a two-position snap cap (Falcon tube). 

• STEP 1: Removal of carbonates. To decarbonate the samples, 8 mL of 0.1 M Na-

buffered acetic acid was added and the tubes placed on a shaker for 24 hours at 248 

rpm. After this period the samples were allowed to stand for half a day. Subsequently 

they were centrifuged for 5 mins at ~4000 rpm and the supernatant was discarded, 

without disturbing or losing the centrifuged sediment. The sample sediments were 

then rinsed in DI water and centrifuged multiple times. Sample rinsing: the tube is 

filled with deionised water, shaken and then centrifuged (5 mins at ~4000 rpm) before 

the supernatant is discarded. This operation is repeated until the supernatant remains 

cloudy after centrifugation. At this point ~50 µL 1 M MgCl2 solution was added, the 

sample was shaken, centrifuged the supernatant discarded once more. 

• STEP 2: Exchangeable leaching step to remove loosely adsorbed ions. The samples 

were diluted in 8 mL 1 M MgCl2 solution, and then placed on a shaker for ~1.5 hours. 

After this period the samples were centrifuged and rinsed as above.   

• STEP 3: Leaching of Pb bound to FeMn oxyhydroxides. The fraction was leached by 

adding 8 mL 50 mM HH solution + 15% glacial acetic acid and placing the samples 

on a shaker for 3 hours. Subsequently the samples were centrifuged for 20 minutes, 

and 6 ml of the supernatant transferred to a 7 mL Teflon vial for drying down 

followed by conversion to nitrate form. 

• STEP 4: The sample is dried down at ~120 °C on a hotplate and then converted to 

HNO3 with the following procedure. An aliquot of 0.5 mL HNO3 is added to the 

sample and dried at 120 °C. Next, 1 mL HNO3 is added and fluxed on the hotplate 
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until full dissolution. At this point the sample is allowed to cool and 10% of it is 

transferred to an acid-leached minispin tube and dilute to 5% HNO3 (Major and trace 

elements aliquot).  

A 10% aliquot of the sample was taken from major and trace element analysis. Finally 

the leachates were taken up in 400 µL 3M HNO3 and transferred to acid-leached minispin 

tubes, in preparation for Pb ion chromatography. 

 

Detrital fraction protocol 

After extraction of the FeMn oxyhydroxide fraction, the residual (detrital) fraction was 
reacted in 50 mM HH + 15% acetic acid for a further 24 hours to remove all trace of FeMn 

oxyhydroxides. The samples are then centrifuged and rinsed as described above, adding 50 µL 

HH solution when turbidity is reached. After discarding the supernatant the sediment is 
transferred to acid-leached 15 mL Teflon vials with the help of pipetted DI water. The vials 

are then placed on the hotplate at low temperature (~80 to 90 °C) to dry off excess water. In 

order to digest the organic matter present in the residual fraction the following steps have 
been taken. 

• STEP 1: Hydrogen Peroxide. An aliquot of 1mL conc HNO3 followed by up to 1 mL 

30% H2O2 (slowly added, depending on how vigorously it reacted with the solution) 

was pipetted in the vials. The sediments were left to react off the hotplate until the 

vigour subsided. The vials with the lid tight on were then ultrasonicated for about 10 

minutes and then left fluxing on hotplate at 80 °C for about 12 hours. The solution 

was then dried on the hotplate at 80°C. 

• STEP 2: Aqua Regia (AR) digestion. AR (2 mL in total, 3 HCl: 1 HNO3) was added 

to the samples. The sediments were allowed to react off the hotplate for about 30 

mins, or longer, and degassed periodically. Successively they were ultrasonicated for 

about 15 minutes and then placed on the hotplate at low heat (80 °C) and the gas 

was released periodically. When only very small amount of gas were produced the lids 

were closed tightly and the heat increased at 200 °C. The sediment was left to digest 

at this point for about 12 hours. 

• STEP 3: 1.5 mL conc HNO3 and 1 mL HClO4 was added to the samples. The 

sediments were left to react on hotplate at 120°C with Teflon watch glass as caps for 

about 12 hours. Watch glasses were then removed and the temperature raised ~40°C 

every hour to let the HClO4 evaporate slowly. At ~210°C the HClO4 was completely 

evaporated; to eliminate droplets and condensation of acid on the rim the Teflon vials 

were carefully laid on the sides. 

If after these treatments a sample still presented undigested organic matter, it was 

digested with HF (see silicate digestion), transferred to a minispin tube, centrifuged and the 

refractory residue eliminated. Silicate digestion. An aliquot of 2.5 mL HF and 0.625 mL 
HNO3 (~4:1 ratio) was added to the vials, the lids closed tight and the sediments left to react 

on hotplate for 3 days at 120 °C. The samples are then dried down and converted to HNO3 

following the procedure outlined for the leachates. If sample did not dissolve completely it 
was converted to 7 M HCl in the same manner of the leachates. At this point the samples are 
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allowed to cool and 10% of them is transferred to a acid-leached minispin tubes and dilute to 
5% HNO3 (Major and trace elements aliquot). Finally, the detrital fractions are taken up in 

500 µL 3 M HNO3 and transferred to acid-leached minispin tubes. 

 
 

Multi-collector Plasma Mass Spectrometry 

The isotope ratios of the Sr, Nd and Pb fractions were measured using a Thermo Fisher 

Scientific Neptune Multi-collector Plasma Mass Spectrometer (MC-ICP-MS) in the 

Department of Earth Sciences at Durham University. The basic analytical method used for 

each element on the Neptune comprises a static multi-collection routine of 1 block of 50 

cycles with an integration time of 4 sec per cycle; total analysis time ~3.5 mins.  

 

Pb Isotopes 

The Pb was purified at Durham using Sr- spec resin as described in Font et al. (2008). 

Following elution of the sample matrix, Pb was removed from the Sr spec resin column with 

8 M HCl.  The HCl solution was then dried and the sample taken up in 0.5 mL 3% HNO3. 

Since Pb only has one stable non-radiogenic isotope (204Pb), the samples were spiked with 

thallium to correct the Pb isotope ratios for the effects of instrumental mass bias during 

measurement. Prior to analysis, the Pb beam intensity for each sample was tested and spiked 

with Tl to a constant Pb/Tl ratio. The sample solution was introduced into the Neptune 

using an ESI PFA50 nebuliser and a glass expansion cinnabar micro-cyclonic spray chamber. 

With this sample introduction set up, and the normal H skimmer cone, the sensitivity for Pb 

on the Neptune is ~100 V total Pb ppm-1 at an uptake rate of 90 µL min-1. 

Despite the differing fractionation behaviour of Pb and Tl during MC-ICPMS, accurate 

and precise Pb isotope data can be obtained with Tl ‘spiking’ and there are two commonly 

applied methods to achieve this. One approach is to calculate the fractionation factor (f) for 

Pb from the fPb/fTl ratio in each analytical session, determined by the slope of NBS981 data 

in ln(20XPb/20XPb) versus ln(205Tl/203Tl) space (where 20X are the various Pb isotope masses 

e.g. White et al. 2000). This is not a suitable approach for the Neptune as the mass bias is so 

stable within a single analytical session that the variation in ln(205Tl/203Tl) and 

ln(20XPb/20XPb) is too limited to accurately define the slope that yields the fPb/fTl ratio. The 

alternative approach, and one better suited to the Neptune, is to minimise the offset between 

one of the Pb isotope ratios for NBS981 and the accepted values by adjusting the 205Tl/203Tl 

ratio (e.g. Rehkämperab & Halliday 1998). One disadvantage in the way this method is 

usually applied is that it optimises only one Pb isotope ratio so we use a slightly modified 

approach which attempts to minimise the offset of all the Pb isotope ratios for NBS981 

simultaneously from the values of Baker et al. (2004).  

The Pb samples were analysed during six analytical sessions. The optimised 205Tl/203Tl 

ratio used for mass bias correction and the average Pb isotope ratios measured on NBS 981 

in each analytical session are reported in Table 4-3b in Chapter 4.  Over the six analytical 

sessions comprising this study the offsets of our average values for the NBS981 reference 

standard from the Baker et al. (2004) values were: -5.5 to +3.7 ppm (206Pb/204Pb); -46 to 
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+35 ppm (207Pb/204Pb); -153.1 to -63.4 ppm (208Pb/204Pb); -41.5 to +26.7 ppm (207Pb/206Pb); 

-150.3  to -61 ppm (208Pb/206Pb). 

 

Sr and Nd isotopes  

Prior to dissolution, samples were leached in 6 M HCl at 60°C in an ultrasound bath for 30 

mins. They were then rinsed in 18.2 MΩ H2O three times. Samples were then dissolved with 

29 M HF and 16 M HNO3 (3:1) in Teflon vials on a hotplate at 100°C for 24 hrs. The 

dissolution and column procedures for the separation of Sr from whole-rock matrices are 

described in Font et al. (2008). In brief, whole-rock powders (0.1 to 0.4 g) were dissolved with 

HF and HNO3 in Teflon vials on a hotplate at 120°C. Following further preparation, the 

solutions were passed through a column containing Sr-spec resin, where Sr was collected in 

18.2 MΩ water.  All waste elutions were collected for subsequent Nd isotope purification 

using the anion exchange chromatography method described in Dowall et al. (2003).   

Sr samples were taken up in 1 mL of 3 % HNO3 and introduced into the Neptune using 

an ESI PFA50 nebuliser and a glass expansion cinnabar micro-cyclonic spray chamber. With 

this sample introduction set up, and the normal H skimmer cone, the sensitivity for Sr on the 

Neptune is typically ~60 V total Sr ppm-1 at an uptake rate of 90 µL min-1. Prior to analysis 

a small aliquot was first tested to establish the Sr concentration of each sample by 

monitoring the size of the 86Sr beam (88Sr was too high in non-diluted aliquot to measure 

directly) from which a dilution factor was calculated to yield a beam of approximately 20 V 
88Sr. Instrumental mass bias was corrected for using a 88Sr/86Sr ratio of 8.375209 (the 

reciprocal of the 86Sr/88Sr ratio of 0.1194) and an exponential law. Samples were analysed 

during one analytical session during which the average 87Sr/86Sr value for NBS987 was 

0.710271±0.000012 (16.5 ppm; n=7). The Sr isotope data for samples are normalised to an 

accepted NBS987 value of 0.71024 (Thirlwall, 1991). 

 

The rare earth element (REE) cuts containing the Nd fraction were taken up in 1 mL 

of 3 % HNO3 and introduced into the Neptune using an ESI PFA50 nebuliser and a glass 

expansion cinnabar micro-cyclonic spraychamber. With this sample introduction set up, and 

the normal H skimmer cone, the sensitivity for Nd on the Neptune is 60-80 V total Nd ppm-1 

at an uptake rate of 90 µL min-1. Instrumental mass bias was corrected for using a 
146Nd/145Nd ratio of 2.079143 (equivalent to the more commonly used 146Nd/144Nd ratio of 

0.7219) and an exponential law. The 146Nd/145Nd ratio is used for correcting mass bias since 

Nd isotopes are measured at Durham on a total REE-cut from the 1st stage cation columns 

and this is the only Ce and Sm-free stable Nd isotope ratio. This approach requires a 

correction for isobaric interferences from Sm on 144Nd, 148Nd and 150Nd. The range of 
147Sm/144Nd ratios measured during analysis was ~0.08 to 0.18 with an average of ~0.14. The 

correction used is based on the method of Nowell & Parrish (2002) and Nowell et al. (2008). 

Samples were analysed during a single analytical session during which the average 
143Nd/144Nd value for pure and Sm-doped JNDi-1 standards was 0.512094±0.000009 (17 ppm 

2 SD; n=9). Nd isotope data for samples are reported relative to a JNdi value of 0.512115 

equivalent to a La Jolla value of 0.511858 (Tanaka et al., 2000). The accuracy of the Sm 
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correction method during analysis of a total REE fraction is demonstrated by the analysis of 

BHVO-1, which gave an average 143Nd/144Nd ratio of 0.513002±0.000006 after Sm correction; 

within error of the MC-ICP-MS ratio of 0.512988±0.000010 (17.5 ppm 2 SD; n=6) obtained 

by Weis et al. (2005). 
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Blanks and leachate reproducibility 

Procedural blanks for Pb in the FeMn oxyhydroxide and the detrital fractions were 

treated in the same way as samples and alongside the sample processing. One 
procedural blank was processed per batch of samples. For the leached fraction, a falcon 

tube was filled with reagents, rinsed and centrifuged. After dissolution of the FeMn 

oxyhydroxides, 6 mL of the hydroxylamine hydrochloride reagent was transferred from 

the falcon tube to a Teflon beaker and dried with the other samples on the hotplate. 
The residue in the beaker was suspended in 400 µL 3 M HNO3 and processed through 

the full column chromatography procedure alongside the other samples.  

 
Table 9-3 - MC-ICP-MS Pb blank runs 

Date 
Sample 

ID 
Blank type 208Pb int (V) 

Pb 
(pg) 

24/11/2015   Acid wash blank 0.0003097   

24/11/2015 
  

Standard (1ppb Rimil 
Pb) 

0.0213900 
  

24/11/2015 224.14 Detrital Blank 0.0090512 166 

24/11/2015 225.13 Leach Blank 0.0153806 286 

24/11/2015 226.6 Detrital Blank 0.0113301 209 

24/11/2015 226.18 Detrital Blank 0.0070070 127 

24/11/2015 226.24 Leach Blank 0.0200000 374 

    Average Leach Blank   330 

    Average Detrital Blank   167 

    
(Total Procedural 
blank) 

  
497 

Date 
Sample 

ID 
Blank type 208Pb int (V) 

Pb 
(pg) 

11/02/2016   Acid wash blank 0.0003539   

11/02/2016 
  

Standard (1ppb Rimil 
Pb) 

0.0267938 
  

11/02/2016 242.11 Leach Blank 0.0177152 263 

11/02/2016 242.12 HH Blank 0.0114402 168 

11/02/2016 242.13 Reagent Blank 0.0005055 2 

11/02/2016 242.14 Reagent Blank 0.0004274 1 

11/02/2016 242.15 Column Blank 0.0030585 41 

11/02/2016 242.16 Column Blank 0.0012464 14 

    Average Reagent blank   2 

    Average Column blank   27 

 
Procedural blanks for the detrital fraction were assessed in the same way: 

reagents were added to a Teflon vial and then evaporated to dryness. The residue in 

the beaker was suspended in 500 µL 3 M HNO3 and put through the full column 
procedure alongside the other samples. The Pb concentrations in the individual 

reagents (hydroxylamine hydrochloride, acids) and column blanks were also measured. 

The average total procedural blank for the leached fraction was ≤0.3 ng, 
contributing <0.08% to sample Pb. The average procedural blank for the detrital 

fraction was 0.12 ng, contributing ≤0.04% of sample Pb. For this reason no blank 
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correction to the data was deemed necessary. The blank data are reported in Table 9-

3. 

 
Figure 9.4 - Replicates and duplicates plotted against sample trend in core 149VC 

 
Replicates of the sediment samples were processed separately for Pb isotope 

analysis to assess leachate reproducibility. The average difference between replicates is 
0.051 in 206Pb/204Pb, 0.0068 in 207Pb/204Pb, 0.02 in 208Pb/204Pb, 0.0017 in 207Pb/206Pb, 

and 0.0062 in 208Pb/206Pb (Table 4-3a in Chapter 4). The results for core 149VC are 

plotted in Figure 9.4. One possible source of poor reproducibility is incomplete 

homogenisation of the sample sediment after drying. However, given the range of Pb 
isotope composition in this study, the differences between duplicated samples do not 

affect interpretation of the data. 

The reproducibility of MC-ICP-MS measurements was also assessed by repeating 
a number of runs on selected samples. The average difference between the duplicates is 

0.0011 in 206Pb/204Pb, 0.00067 in 207Pb/204Pb, 0.0015 in 208Pb/204Pb, 0.00008 in 
207Pb/206Pb, and 0.00037 in 208Pb/206Pb (Table 4.3a in Chapter 4), which are barely 

distinguishable from the 2SE for each sample. 

 

Major and trace metal analyses  

Following the chemical separation of the leachates and residuals an aliquot of 10% was 

collected from both fractions in order to be analysed for major and trace elements. The 

results are provided in Table 9-4 while the blank measurements (mostly below 

detection levels) are shown in Table 9-5. 

 

Major elements analysis on the ICP-OES 

Instrumentation 

Major element analysis was performed at SAMS on a Perkin Elmer Optima 

DV4300 ICP-OES equipped with an AS93plus auto-sampler, a Scott-type spray 
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chamber and GemTip cross-flow nebulizer. The wavelengths of ten elements were 

monitored: Al, Ba, Ca, Fe, K, Mg, Mn, Na, Sr, Ti. All standard, blank and sample 
solutions were prepared from 18.2 MΩ H2O, obtained from an Elga water purification 

system (Elga LabWater, High Wycombe, UK). Stock solutions (1000 mg L-1) for Al, 

Ba, Ca, Fe, K, Mg, Mn, Na, Sr, Ti and Sc from Sigma Aldrich were used to prepare the 
calibration standards. Nitric acid was Aristar grade, obtained from VWR (Lutterworth, 

UK). All stock solutions and final dilutions for analysis were prepared in 5% v/v nitric 

acid solution.  
 

Quality Control 

Fully Quantified Calibration Standard results (integrated counts per second vs. 
concentration) were plotted for each sample batch and had to give a straight line graph 

with a Correlation Coefficient better than 0.999. Scandium was used as an internal 

standard and was added to all standards and samples to give a concentration of 10 
ppm in solution. A single element Sc 1000 ppm standard was used for this purpose. A 

quality control solution (Sediment AQC) was produced from a separate set of stock 

standards to those used for calibration (see table 5 for concentrations). This was run 
every 20 samples. The control solution has limits of ± 10% for all elements. If the 

analyte fell out with these limits, it was repeated. If it failed a second time, the 

instrument was recalibrated before continuing with the analysis. The control data was 
plotted in the form of a shewhart control chart for each element.  

 

 

Trace elements analysis on the ICP-MS 

Instrumentation 

All trace metals analysis was performed on a Thermo Scientific X-Series (II) 

quadrupole ICP-MS, equipped with a collision cell and Cetac autosampler. Prior to 
analysis the instrument tuned to optimise signal intensity and stability by modifying 

lens, gas and torch conditions. Count rates across the mass range at 7Li, 115In and 238U 

are monitored and CeO and BaO oxide ratios of <0.02 are achieved. Pre-defined 
performance checks are carried out in both standard and collision cell modes. This 

procedure confirms correct instrument mass calibration and peak widths and shape as 

well as signal stability. The limit of detection of the method is reported as three x 1 
standard deviation of repeat measurements of the acid blank. 

 

Reagents and standards 
All standard, blank and sample solutions are prepared from 18.2 M de-ionised water 

(Elga LabWater, High Wycombe, UK). All calibration, internal and drift ‘check’ 
standards were prepared using SPEX certiprep ICPMS standards (SPEX Europe, 

Stanmore UK) 

Quality Control 

Standard and collision cell mode pre-analysis performance checks were carried out 

before every analytical session. An internal cross calibration was generated during the 

sample run to cross check the fidelity of the calibration between instrument counting 
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modes (Analogue and Pulse Counting). A Rh-In-Bi internal standard solution was 

added to all samples, calibration and wash solutions. This ensures recovery of the 
sample and any changes in instrument response due to calibration drift or matrix 

suppression were compensated for, or the sequence is stopped. Percentage recovery was 

recorded and limits were 90-110%. If the recovery was outside these limits, the sample 
(or batch as appropriate) was repeated. Two ‘check’ standards were run for every 

batch of 12 samples. The concentration of these two samples was based on a high and 

low value calibration standard to monitor instrument drift. All unknown samples were 
bracketed with calibration blocks and an external drift correction applied. Fully 

quantified calibration curves (integrated counts per second vs. concentration) are 

plotted for each analytical batch with a correlation coefficient < 0.999. 
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Table 9-4 - Results from ICP-OES and ICP-MS major and trace element analysis 

 

JC106_149VC

Leachate

DEPTH Al Fe K Mg Mn Na Sr Ti V Cr Co

ID cm mg/g SD mg/g SD mg/g SD mg/g SD mg/g SD mg/g SD m g/g SD mg/g SD ppm RSD(%) ppm RSD(%) ppm RSD(%)

βA5r 34 1.209 0.020 3.837 0.092 <0.0289 0.025 2.005 0.002 0.059 0.002 <0.006 0.006 <0.0010 0.000 <0.0267 0.078 4.796 0.614 0.451 2.784 1.530 0.549

βB9r 108 1.229 0.024 4.115 0.115 <0.0289 0.075 2.138 0.002 0.065 0.000 0.126 0.006 <0.0010 0.000 <0.0267 0.018 4.803 0.253 0.451 1.631 1.553 0.193

βC1r 161 1.020 0.021 3.437 0.046 <0.0289 0.036 1.725 0.002 0.051 0.001 <0.006 0.010 <0.0010 0.000 <0.0267 0.052 4.647 0.739 0.177 5.126 1.447 0.554

βC4r 179 1.036 0.028 3.414 0.064 <0.0289 0.051 1.499 0.007 0.042 0.001 <0.006 0.007 <0.0010 0.000 <0.0267 0.054 5.060 1.139 0.583 1.037 1.655 0.810

βD5r 281 1.187 0.052 3.778 0.043 <0.0289 0.103 1.708 0.004 0.048 0.001 <0.006 0.015 <0.0010 0.000 <0.0267 0.030 ND ND ND ND ND ND

βE7r 395 0.927 0.014 3.009 0.102 <0.0289 0.084 1.737 0.002 0.036 0.001 <0.006 0.016 <0.0010 0.000 <0.0267 0.079 3.627 1.385 0.087 19.269 1.388 1.243

βE14r 437 0.821 0.021 2.195 0.071 <0.0289 0.094 1.289 0.001 0.037 0.000 0.152 0.006 <0.0010 0.000 <0.0267 0.031 2.273 0.296 0.152 1.866 0.915 0.996

Detrital

DEPTH Al Fe K Mg Mn Na Sr Ti V Cr Co

ID cm mg/g SD mg/g SD mg/g SD mg/g SD mg/g SD mg/g SD m g/g SD mg/g SD ppm RSD(%) ppm RSD(%) ppm RSD(%)

βA5 34 57.201 0.110 28.342 0.028 14.203 0.120 10.055 0.102 0.204 0.003 4.917 0.009 0.067 0.001 3.248 0.129 80.744 0.269 72.991 0.168 7.967 0.144

βB3 72 59.915 0.065 29.019 0.037 17.857 0.339 10.018 0.009 0.212 0.006 5.954 0.019 0.077 0.001 3.998 0.098 84.849 0.533 81.809 0.554 8.366 0.679

βB6 90 60.683 0.072 31.997 0.042 14.462 0.062 10.854 0.051 0.222 0.002 4.725 0.007 0.065 0.000 3.564 0.104 90.611 0.298 78.781 0.273 8.983 0.271

βB9 108 47.736 0.061 25.264 0.004 10.797 0.086 8.910 0.050 0.180 0.001 4.025 0.005 0.054 0.000 2.760 0.024 60.347 0.124 54.257 0.109 6.250 0.031

βB12 126 63.647 0.044 32.271 0.038 19.606 0.256 11.495 0.010 0.233 0.001 5.706 0.011 0.076 0.001 3.954 0.023 91.330 0.265 80.975 0.383 8.804 0.502

βB15 144 65.753 0.153 34.051 0.047 18.430 0.110 12.060 0.063 0.225 0.002 4.762 0.006 0.070 0.000 3.458 0.118 97.748 0.122 81.439 0.178 9.444 0.013

βC1 161 81.436 0.096 41.058 0.031 22.961 0.348 14.311 0.011 0.282 0.003 6.198 0.002 0.090 0.002 4.694 0.177 115.693 0.067 98.515 0.357 10.960 0.323

βC4 179 64.912 0.091 33.883 0.019 19.338 0.230 11.846 0.084 0.224 0.003 4.515 0.013 0.068 0.001 3.522 0.051 98.979 0.219 83.610 0.207 9.614 0.080

βC7 197 56.801 0.098 29.572 0.055 15.415 0.167 9.864 0.092 0.204 0.002 4.760 0.016 0.068 0.000 3.285 0.121 81.656 0.104 70.063 0.105 7.941 0.325

βC10 215 64.219 0.111 33.036 0.038 16.419 0.074 11.346 0.035 0.211 0.004 4.499 0.004 0.066 0.000 3.381 0.112 96.908 0.088 80.663 0.220 9.360 0.288

βC14 239 63.071 0.098 33.793 0.044 16.680 0.180 11.465 0.011 0.224 0.001 4.759 0.015 0.069 0.000 3.605 0.081 95.689 0.147 79.287 0.210 9.101 0.075

βD1 257 66.652 0.079 33.205 0.026 19.562 0.203 11.725 0.096 0.217 0.002 4.673 0.011 0.070 0.001 3.602 0.024 89.720 0.352 76.789 0.260 8.619 0.023

βD5e 281 63.902 0.068 33.700 0.014 21.401 0.184 11.605 0.093 0.215 0.003 4.134 0.001 0.064 0.001 3.334 0.009 84.349 0.315 69.630 0.330 8.143 0.260

βD8 299 68.403 0.063 38.260 0.245 18.610 0.104 13.073 0.007 0.223 0.002 3.813 0.024 0.063 0.000 3.399 0.057 102.245 0.489 81.015 0.244 9.825 0.264

βD12 323 38.694 0.045 20.412 0.013 11.678 0.136 7.018 0.002 0.147 0.001 3.374 0.011 0.047 0.001 2.246 0.063 55.553 0.073 47.855 0.228 5.415 0.297

βD15 341 54.790 0.136 22.680 0.207 15.011 0.199 9.427 0.011 0.143 0.001 2.928 0.028 0.052 0.001 2.842 0.097 67.285 0.235 50.416 0.241 6.198 0.285

βE1 359 57.730 0.023 28.357 0.062 17.914 0.329 9.697 0.161 0.455 0.001 6.822 0.012 0.089 0.001 3.569 0.120 76.472 0.282 72.544 0.217 7.596 0.337

βE4 377 57.054 0.087 29.227 0.007 16.061 0.199 9.959 0.086 0.207 0.002 4.678 0.008 0.067 0.000 3.236 0.051 77.327 0.237 66.599 0.127 7.470 0.276

βE7 395 69.848 0.094 35.886 0.022 21.004 0.230 12.246 0.148 0.236 0.002 5.167 0.009 0.075 0.001 3.727 0.081 101.749 0.038 85.192 0.088 9.742 0.214

βE10 413 31.102 0.381 15.011 0.173 10.140 0.183 5.271 0.005 0.166 0.005 6.791 0.090 0.082 0.001 2.473 0.078 41.853 0.415 45.803 0.452 4.283 0.615

βE11 419 44.323 0.071 22.715 0.020 13.528 0.264 8.278 0.010 0.230 0.001 8.515 0.020 0.109 0.002 3.351 0.045 61.689 0.057 68.309 0.020 6.364 0.235

βE12 425 41.185 0.026 24.021 0.021 12.317 0.182 12.115 0.121 0.250 0.001 9.077 0.009 0.114 0.001 3.435 0.054 64.695 0.440 98.309 0.252 8.100 0.292

βE14 437 23.344 0.260 11.779 0.147 7.327 0.077 3.991 0.002 0.122 0.002 4.730 0.060 0.058 0.001 1.763 0.063 34.597 0.250 37.243 0.178 3.459 0.152

Replicate

βD8bis 299 59.354 0.053 34.727 0.415 14.236 0.214 11.467 0.003 0.204 0.001 3.342 0.037 0.055 0.001 2.993 0.062 91.095 0.117 71.861 0.023 8.707 0.179
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Ni Cu Zn Rb Sr Y Zr Pb 232Th 238U

ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%)

2.653 1.534 2.845 0.123 8.405 1.159 0.935 0.216 4.490 0.459 1.789 0.360 0.704 0.817 4.562 0.173 0.634 0.144 0.183 0.590

2.444 0.273 2.950 0.477 6.400 0.697 1.054 0.266 4.643 0.122 1.917 0.028 0.605 0.213 4.269 0.188 0.575 0.136 0.201 0.447

2.631 1.212 2.586 0.232 8.682 1.765 1.057 0.542 3.116 0.286 1.612 0.340 0.663 0.655 5.513 0.126 0.616 0.268 0.191 0.538

3.262 1.206 2.729 0.746 9.160 0.767 1.092 0.451 3.248 0.212 1.720 0.237 0.592 0.158 4.299 0.111 0.485 0.522 0.244 0.114

ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 0.479 0.135 0.217 0.255

2.347 0.312 2.570 0.528 14.347 1.161 0.885 0.059 2.653 0.340 1.261 0.230 0.814 0.356 3.343 0.220 0.659 0.347 0.166 0.338

1.379 2.589 1.555 0.615 2.939 0.749 0.642 0.249 3.797 0.245 1.225 0.269 0.594 0.098 2.657 0.144 0.472 0.195 0.109 0.478

Ni Cu Zn Rb Sr Y Zr Pb 232Th 238U

ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%)

27.799 0.239 14.388 0.142 44.824 0.198 77.147 0.063 64.361 0.171 11.734 0.068 91.385 0.097 6.813 0.113 6.665 0.028 1.265 0.115

27.469 0.380 13.453 0.625 44.185 0.551 83.511 0.215 72.382 0.283 12.584 0.187 98.572 0.073 7.597 0.174 6.796 0.323 1.309 0.131

31.352 0.177 16.230 0.351 49.758 0.066 81.572 0.038 61.300 0.061 12.697 0.083 91.439 0.093 7.423 0.215 6.934 0.147 1.304 0.260

22.486 0.158 10.622 0.066 33.415 0.124 54.235 0.077 43.738 0.045 8.655 0.152 65.325 0.177 5.212 0.113 5.391 0.031 1.781 0.109

30.585 0.445 15.436 0.233 50.069 0.106 90.493 0.239 72.408 0.152 13.830 0.162 97.041 0.165 7.924 0.139 7.093 0.156 1.353 0.240

33.693 0.218 17.273 0.186 53.041 0.480 95.454 0.020 66.037 0.040 13.740 0.140 92.884 0.151 8.745 0.109 7.178 0.111 1.384 0.085

37.891 0.196 21.165 0.372 65.969 0.115 118.804 0.147 86.427 0.134 16.782 0.062 127.697 0.156 9.910 0.251 9.983 0.174 1.794 0.094

33.536 0.182 17.957 0.315 53.587 0.233 96.875 0.086 64.034 0.112 13.154 0.077 93.673 0.047 8.187 0.087 7.379 0.104 1.379 0.186

27.736 0.207 14.425 0.406 44.456 0.247 79.722 0.144 62.553 0.097 11.700 0.156 86.236 0.185 7.305 0.326 6.422 0.084 1.275 0.169

32.159 0.111 17.942 0.430 51.574 0.084 86.646 0.090 64.914 0.108 12.538 0.056 92.935 0.051 7.898 0.131 7.984 0.072 1.354 0.113

31.685 0.377 16.678 0.422 53.016 0.274 90.183 0.264 65.305 0.193 12.900 0.300 91.404 0.182 8.357 0.154 7.082 0.196 1.497 0.163

30.467 0.266 14.777 0.429 55.338 0.417 98.483 0.208 65.970 0.233 13.755 0.194 91.941 0.318 8.386 0.251 7.654 0.174 1.470 0.296

28.686 0.151 15.654 0.345 45.917 0.112 93.030 0.206 57.653 0.105 12.127 0.125 82.762 0.136 8.082 0.130 7.341 0.213 1.435 0.133

35.475 0.349 17.966 0.166 54.257 0.328 99.427 0.044 58.163 0.058 12.079 0.177 87.653 0.148 8.629 0.196 7.931 0.096 1.391 0.197

18.886 0.055 9.720 0.076 29.921 0.123 54.929 0.240 44.344 0.221 7.819 0.268 58.123 0.249 5.288 0.251 4.432 0.310 0.869 0.205

21.607 0.213 10.067 0.358 38.905 0.363 86.012 0.084 50.157 0.095 10.059 0.109 65.568 0.141 5.891 0.152 5.922 5.575 1.052 0.174

25.110 0.196 11.412 0.239 40.032 0.378 78.250 0.079 83.384 0.115 14.732 0.099 103.958 0.105 7.583 0.028 6.209 0.040 1.352 0.077

25.362 0.230 13.608 0.294 41.691 0.236 78.984 0.160 60.702 0.120 11.645 0.096 79.723 0.077 7.368 0.063 6.548 0.095 1.267 0.090

33.836 0.197 16.750 0.231 56.689 0.232 102.904 0.110 71.975 0.138 13.467 0.146 104.540 0.072 8.157 0.157 8.534 0.124 1.491 0.202

12.645 0.254 5.236 0.589 22.654 0.167 35.062 0.086 76.152 0.145 7.619 0.102 75.495 0.142 4.208 0.356 2.780 0.115 0.770 0.308

19.715 0.075 11.027 0.322 30.558 0.289 50.681 0.144 98.819 0.125 10.270 0.040 90.490 0.186 5.783 0.063 4.091 0.062 1.035 0.196

22.568 0.293 10.515 0.255 31.320 0.289 41.458 0.143 102.554 0.197 10.912 0.217 80.656 0.129 5.388 0.056 3.546 0.292 0.900 0.288

10.337 0.113 5.234 0.053 16.453 0.243 27.325 0.057 54.010 0.077 5.450 0.019 55.868 0.008 3.139 0.087 2.301 0.152 0.520 0.095

32.202 0.413 21.054 0.119 49.993 0.260 82.774 0.053 49.246 0.064 10.661 0.155 77.422 0.185 7.960 0.302 6.911 0.072 1.269 0.138
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JC106_140VC

DEPTH Al Fe K Mg Mn Na Sr Ti V Cr Co

ID cm mg/g SD mg/g SD mg/g SD mg/g SD mg/g SD mg/g SD mg/g SD mg/g SD ppm RSD(%) ppm RSD(%) ppm RSD(%)

αC1r 133 0.937 0.033 3.340 0.086 0.056 0.020 1.756 0.002 0.053 0.001 0.154 0.013 0.020 0.000 <0.025 0.028 4.017 1.494 0.213 9.094 1.252 0.822

αC4r 151 1.024 0.017 3.626 0.030 <0.027 0.065 1.367 0.013 0.044 0.001 0.106 0.006 0.004 0.000 0.040 0.024 4.124 0.548 0.127 16.553 1.274 2.253

αC7r 169 1.001 0.062 3.813 0.035 <0.027 0.082 2.171 0.001 0.062 0.001 0.130 0.006 <0.0010 0.000 <0.025 0.023 4.338 0.535 0.628 1.446 1.461 0.203

DEPTH Al Fe K Mg Mn Na Sr Ti V Cr Co

ID cm mg/g SD mg/g SD mg/g SD mg/g SD mg/g SD mg/g SD mg/g SD mg/g SD ppm RSD(%) ppm RSD(%) ppm RSD(%)

αC1 133 43.350 0.032 23.886 0.019 10.841 0.164 8.008 0.004 0.198 0.001 5.342 0.011 0.069 0.001 2.995 0.031 68.174 0.047 79.305 0.105 7.834 0.452

αC2 139 56.932 0.110 28.189 0.011 15.287 0.154 9.450 0.002 0.219 0.002 5.968 0.009 0.081 0.000 3.699 0.064 80.915 0.338 76.317 0.412 7.701 1.182

αC3 145 50.768 0.057 24.102 0.004 12.910 0.380 8.554 0.005 0.195 0.003 5.860 0.022 0.076 0.002 3.095 0.093 65.854 0.324 61.811 0.138 6.476 0.034

αC4 151 34.879 0.529 18.328 0.299 7.974 0.182 5.650 0.003 0.139 0.001 3.533 0.061 0.047 0.001 2.294 0.087 49.918 0.205 47.547 0.278 4.839 0.630

αC5 157 56.024 0.068 27.485 0.015 15.350 0.093 9.284 0.009 0.220 0.002 5.998 0.018 0.079 0.001 3.572 0.132 75.585 0.219 75.266 0.336 7.131 0.421

αC6 163 46.817 0.075 27.376 0.013 7.833 0.221 8.445 0.002 0.226 0.002 6.033 0.008 0.079 0.001 3.420 0.040 74.173 0.115 72.826 0.225 7.146 0.249

αC7 169 47.615 0.011 27.619 0.017 6.495 0.026 8.251 0.005 0.222 0.001 5.636 0.002 0.073 0.001 3.410 0.014 75.504 0.144 73.202 0.052 7.297 0.287

Detrital

Leachate

Ni Cu Zn Rb Sr Y Zr Pb 232Th 238U

ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%)

2.253 2.678 2.829 1.000 5.239 2.732 0.988 0.260 17.076 0.191 1.654 0.075 1.004 0.582 4.535 0.180 0.808 0.180 0.202 0.480

2.467 0.535 2.907 0.113 5.967 1.475 1.023 0.272 3.411 0.240 1.217 0.156 1.254 0.272 4.513 0.130 0.968 0.170 0.188 0.253

2.674 0.825 3.232 0.016 9.529 1.287 1.044 0.264 5.316 0.307 1.809 0.426 0.758 0.362 4.320 0.360 0.706 0.249 0.224 0.509

Ni Cu Zn Rb Sr Y Zr Pb 232Th 238U

ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%) ppm RSD(%)

46.240 2.062 9.665 0.101 143.049 3.629 55.042 0.146 61.524 0.023 9.832 0.088 80.369 0.117 6.054 0.246 5.130 0.019 2.008 0.090

26.560 0.930 11.657 0.234 45.541 0.208 70.483 0.120 71.014 0.139 11.934 0.194 97.655 0.148 7.386 0.244 5.976 0.154 2.067 0.382

24.141 0.830 9.661 0.101 41.733 1.431 61.243 0.145 67.469 0.144 10.906 0.137 83.211 0.128 6.292 0.162 5.512 0.193 1.957 0.210

17.553 0.202 7.294 0.386 26.026 0.492 39.847 0.130 39.930 0.162 7.202 0.231 63.812 0.042 4.516 0.112 4.088 0.036 1.475 0.212

28.868 2.020 11.646 0.529 63.390 4.135 67.879 0.090 68.318 0.007 11.745 0.198 96.166 0.157 7.210 0.267 6.261 0.066 2.305 0.384

26.165 0.583 10.587 0.113 43.121 0.214 48.258 0.088 65.152 0.136 11.266 0.064 98.939 0.063 6.652 0.108 5.578 0.224 2.263 0.271

25.016 0.369 11.924 0.583 40.156 0.137 47.583 0.209 63.196 0.116 10.169 0.019 90.187 0.082 6.805 0.140 6.039 0.114 2.209 0.116
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Table 9-5 - Blank measurements on ICP-OES and ICP-MS 

 

 

ICP-OES

Al Fe K Mg Na Mn Ti 

 ID mg/l SD mg/l SD m g/l SD mg/l SD mg/l SD mg/l SD mg/l SD

B4_blk3d <0.02 0.055 <0.01 0.026 <0.27 0.484 <0.008 0.003 1.55 0.089 <0.005 0.000 0.86 0.411

B5_BLK5d <0.02 0.093 <0.01 0.024 <0.27 1.650 <0.008 0.003 1.66 0.056 <0.005 0.000 <0.25 0.191

B6_BLK6d <0.02 0.100 <0.01 0.028 <0.27 1.129 <0.008 0.007 <0.06 0.092 <0.005 0.000 <0.25 0.935

ICP-MS

V Cr Co Ni Cu Zn Rb Sr Y Zr Pb 232Th 238U

 ID ppb RSD ppb RSD ppb RSD ppb RSD ppb RSD ppb RSD ppb RSD ppb RSD ppb RSD ppb RSD ppb RSD ppb RSD ppb RSD

BLK5d 0.663 14.26 8.49 7.364 <LOD <LOD 0.924 20.55 <LOD <LOD 9.65 21.59 <LOD <LOD 0.469 15.59 <LOD <LOD 0.114 92.18 <LOD <LOD -0.063 23.71

BLK3d 0.448 50.3 8.566 6.462 <LOD <LOD <LOD <LOD <LOD <LOD 3.847 39.98 1.246 22.16 0.194 17.3 <LOD <LOD 0.723 10.82 <LOD <LOD -0.033 31.37

BLK 6d <LOD <LOD <LOD 17.17 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.014 19.95 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD -0.06 14.16 -0.111 6.84

BLK7r <LOD <LOD <LOD <LOD 0.155 172.4 1.984 147.5 0.095 316.6 0.453 2564 0.683 49.7 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD -0.057 8.962 -0.001 4.412
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