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Summary

The current generation of postglacial Relative Sea Level (RSL) change simulations in
formerly glaciated margins display significant deviations from field evidence. This is
particularly true in Ireland where the RSL history is strongly controlled by the combined
effects of local ice loading and the influence of adjacent ice masses over Britain and
Fennoscandinavia. On the northern coast of Ireland, the resulting complex interplay
between glacioisostatic rebound and eustatic sea-level rise is expressed as an oscillating
postglacial RSL curve that comprises intervals with sea levels both above and below
present. Whilst the details of the timing, magnitude and rates of these changes are subject
to debate, the non-monotonic nature of postglacial RSL change in the region is a common
feature across sea-level curves, irrespective of whether they are derived from glacial
rebound modelling or the interpretation of field data.

Both types of reconstruction rely on sea-level data which have so far been almost
entirely collected on land and dated mainly to the Holocene. The period of time when the
RSL was locally below the modern sea-level is critical to our understanding of the region
coastal evolution and formation. Evidence on the amount of RSL fall, or the level of the
RSL lowstand, can be found in painstaking and costly diving surveys but also prominently
in desk-based study using high-resolution bathymetric survey as well as sub bottom
exploration using seismic reflection. Indeed, published studies using local seismic data and
associated ground truthing coring survey  have identified sub bottom features
(palaecochannels) and depositional evidence (erosional surfaces) that suggest that current
Glacial Rebound Models (GRMs) underestimate the magnitude of postglacial RSL fall for
the northern coast of Ireland.

This study explores the recently collected Joint Irish Bathymetric Survey (JIBS), a
multibeam high-resolution bathymetric survey, and the large corpus of seismic data
collected over the last 15 years by staff of the School of Environmental Sciences from the
University of Ulster for the northern coast of Ireland for any evidence of submerged relict
shorelines to constrain the magnitude of the local postglacial RSL fall.

The recent high resolution survey of the bathymetry of the north coast of Ireland
(JIBS) is used here as an opportunity to explore the geomorphological evidence of past
RSL offshore. A marine terrace database is developed for the study area in order to study
the morphological parameters of these features and the influence of the lithology of the

rocks these features were formed in with their morphology.



Summary

A wave erosion model is run using four of the recently published GRMs to test the
origin of some of the recognised marine terraces where modelled output are compared to
the measured profiles to select the parameters for the best fit. These simulations permit a
first order assessment of the extent and distribution of potentially inherited features.

Local seismic stratigraphic data is explored for any depositional evidence of recent
RSL change. The whole corpus of seismic data both already used in publication and more
recently collected is consistently examined for ground truthing targets. 14 cores are
presented from the selected areas of Church Bay, Runkerry Bay and the Bann
estuary/Portstewart area where local depth and the thickness of the various seismic units
described were considered optimal for vibrocoring. Acoustic-lithological correlations are
used to decipher the depositional history of the cored areas which are then extrapolated to
the whole northern Irish coast. 7 main phases of sediment deposition are recognised for the
study area spanning the period from the Last Glacial Maximum (LGM) to the present and
this scenario carries strong implications for the postglacial RSL change.

This study highlights the difficulties in relating hard rock erosional coastal features
to their contemporary RSL which reflects the relative lack of interest of modern literature
to their use in postglacial RSL study. The information from the soft sediment stratigraphy
is limited but its higher precision provides some definite evidence for the timing and depth
of the most recent lowstand. The comparison of both lines of investigation points to only a
slight underestimation (2 to Sm in North Antrim and 2m in Derry) of the current GRMs'
simulation of the magnitude of the last RSL lowstand of. Furthermore, the westward
differential glacial uplift consistently found in GRMs is somewhat visible in these new
lines of evidence but not to the same extent as modelled. Hence it appears the current
generation of GRM is appropriate at simulating postglacial RSL change in the study area.
However, some recommendations can be made for the future improvement of GRMs.

Hence by using a comprehensive and multi-technique study, this thesis makes a
valuable contribution to the study of palaecoclimatology in terms of ice sheet distribution

and development, RSL change and coastal geomorphology for formerly glaciated margins.
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Chapter 1 Introduction

1.1 Scientific context for the project

1. 1.1 Quaternary climate and associated sea-level changes

The Cenozoic era, starting 65.5 Myrs ago, is divided into the Tertiary and
Quaternary period. The Quaternary period, which beginning is set at 2.6 Myrs ago just
after the Gauss-Matuyama palaeomagnetic reversal (Bowen and Gibbard, 2007), has seen a
worlwide cooling of the climate; a trend that started in the late Tertiary. These climatic
records were extracted from ice cores of Greenland and Antarctica and marine sediment
cores (Lisiecky and Raymo, 2005). They show a wide variety of climate evolution during
the Quaternary both in terms of amplitude and wavelengths (figure 1.1). The cyclicity of
these climate changes is due in part to variations of the insolation that are orbitally induced
and has evolved from a predominant 41 kyrs cycle from 2,600 to 700 kyrs ago (linked
with the periodicity of the Earth's tilt) to a predominant 100kyrs cycle from 700 kyrs ago to
the present (linked with the periodicity of the Earth's eccentricity). In addition to this shift
in period, the amplitude of the climate forcing has increased in the last 700 kyrs compared
to the earlier part of the Quaternary with more extreme period of cold stages in particular
associated with more extensive ice sheets in the higher latitudes. Figure 1.1 introduces this
climatic record for the past 3.6 Myrs based on a composite oxygen isotope curve (Walker
and Lowe, 2007). Each spike on the curve was given a Marine Isotope Stage (MIS)
number starting at the present working back in time with odd numbers corresponding to
interglacial or warm stages (we live currently in the MIS 1) and even numbers
corresponding to glacial or cold stages (the last glaciation took place during MIS 2). We
can recognise on this figure the onset of the Quaternary and the shift in climate forcing

between the two different periods of cyclicity.
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Figure 1.1: A composite oxygen isotope curve for the last 3.5 Myrs, constructed by
stacking 57 globally distributed marine sediment record and displayed against the
palaeomagnetic time scale (after Lisiecki and Raymo, 2005). The vertical dash line at
2.6Myrs represents the onset of the Quaternary and the continuous vertical line at 700kyrs
represents the shift from a 41kyr cyclicity to a 100kyr cyclicity in climate forcing (from
Walker and Lowe, 2007).
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Chapter 1 Introduction

The Quaternary has been divided into two series, the Pleistocene and the Holocene.
Most of the Quaternary is concomitant with the Pleistocene with the Holocene only
starting 11,700 years ago at the end of the last glacial stage (MIS2) and the onset of our
current interglacial stage (MIS 1). A glacial stage is made up of several parts divided in two
categories: stadials and interstadials. Stadials are periods of extensive glaciation and only
form a small part of the 100kyrs length of glacial stages. Interstadials are short periods (1
to 2kyrs) during which the climate ameliorates to some degree, possibly reaching
temperatures similar to those of the present day (or warmer). Figure 1-2 displays the stable
isotopic record of the GRIP ice core compared to a record of abundance of a planktonic
foraminifera (N. Pachyderma whose presence indicates cold sea temperatures) from ocean
sediments (Coxon and McCarron, 2009). High concentration of Ice Rafted Debris (IRD)
found in the Troll 8903 marine core (Haflidason et al., 1995) are also added on this figure
to compare with the major climatic transitions. This allows the recognition of the latest
stadial phase, called the Younger Dryas in Europe or the Nahanagan stadial in Ireland
(Coxon and McCarron, 2009) lasting from 12,700 to 11,500 calibrated years BP, and the
latest interstadial phase, called in Ireland the Woodgrange interstadial, lasting from 14,500
to 12,700 calibrated years BP. This figure also highlights the rapidity of the transition in

climate forcing from one phase to the next.
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Figure 1.2: Stable isotope record from the GRIP ice core (histogram) compared to the
record of N. pachyderma from ocean sediments (dotted line) (from Coxon and McCarron,
2009). High concentration of IRD from the Troll 8903 core are marked with arrows (after
Haflidason et al., 1995).
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In Ireland, there is definite evidence for only two distinct cold phases (Coxon and
McCarron, 2009) both experiencing the presence of an extensive ice sheet with several
sequences of build up and decay interspersed by cold, periglacial conditions and cool (or
perhaps warm) interstadial periods. This apparent paucity of record is due to the probable
erosion and reworking of previous evidence by each stadial. Extensive mapping of the
glacial features on land (i.e. moraines, eskers, corries, drumlins, striae, meltwater channels,
etc...) as well as the recording of the extensive consolidated subglacial diamicts (tills) lying
under the soil has been undertaken for the last 150 years and has been aided by the
development of satellite topographical mapping technology and the recent mapping of the
offshore bathymetry (see section 2.2). This corpus of data has allowed the recognition of
ice flow patterns and ice sheet extents (Clark et al., 2012). The ice dispersal centres in
Ireland formed in upland regions such as Donegal or Connemara and lowland areas as
domes such as in the Omagh Basin, in the Lough Neagh Basin or in the north Central
Midlands (McCabe, 2008b). Whilst generated from a different source, the ice flow patterns
indicate that, at least during the last cold stage. the Irish and British ice sectors were
coincident along the axis of the Irish Sea forming what was termed the British Irish Ice
Sheet (BIIS) (Coxon and McCarron, 2009). The last ice sheet to have covered Ireland
decayed rapidly leaving behind the extensive corpus of glacial features mentioned above.

Associated with the Quaternary's climate fluctuations and cycles of ice growth and
decay, a corresponding evolution of the global eustatic sea-level has been reconstructed
from records of fossil coral terraces and plant fragments and calcareous marine organisms
contained within marine sediment cores in far-field zones (such as Tahiti, Barbados or
Indonesia) away from the cold stages ice sheets of the high latitudes (Stanford et al., 2011).
These reconstructions show a direct relationship between the earth's climate forcing and
the evolution of global eustatic sea-level due to thermal expansion and the evolution of
land-based ice (Edwards, 2008). In particular, they infer a global eustatic sea-level at
-150m at height of the last glaciation. Additionally, pulses of ice-sheet meltwater into the
world ocean into these records have been recognised in these records. The largest of such
event known as meltwater pulse la has seen an estimated 20m sea-level rise in about 500
years globally and was dated to between 14.6 to 12.8 kyrs BP (Stanford et al., 2011).

Relative Sea-Level (RSL) is the sea-level relative to the level of the continental

crust. This definition takes into account changes in both levels as changes in RSL can be



Chapter 1 Introduction

caused by either changes in sea-level or changes in land-level or both. In glacial margins,
the influence of ice load on the land level is a major, if not the preponderant, factor in the
RSL change with isostatic rebound following ice melting resulting in local RSL fall. In
particular, during late glacial period, RSL was higher than present in formerly glaciated
zones and was falling due to the loss of ice load which counterbalanced the rise in global

eustatic sea-level.

1.1.2 RSL change in Ireland during the last deglaciation

The Intergovernmental Panel on Climate Change (IPCC) last published assessment
report (Parry et al., 2007; Solomon et al., 2007) points to the inherent significant
uncertainties in future sea-level change projections due to a fundamental lack of
understanding. In particular, the evolution of Quaternary ice sheets in terms of thickness,
distribution and dynamism and their associated influence on sea-level change are still not
comprehensively understood (Edwards, 2007a).

Complex interactions on the local RSL are observed in both Greenland and
Antarctica today as warming temperatures translate into global eustatic sea-level rise and
local glacial rebound of the land. Projections of the future evolution are based on glacial
rebound modelling which are calibrated with past RSL change data. Unfortunately, the
recently published generation of Glacial Rebound Models (GRMs) fail to simulate the
magnitude of change seen in field evidence (Bassett et al., 2007; Long et al., 2008) which
bears great consequences for global preparation to future RSL change.

Similarly, discrepancies between field evidence (McCabe et al., 2008a) and
modelled evolution of the postglacial RSL exist in formerly glaciated regions such as
Ireland (Brooks et al., 2008). As our understanding of the former British and Irish Ice Sheet
(BIIS) improves thanks to extensive high resolution topographical data and further field
based evidence (Clark et al., 2012), future generations of GRMs might reconcile some of
these misfits. However, other differences are much more substantial and appear
irreconcilable (Edwards et al., 2008).

Some of these discrepancies appear in the north of Ireland where the RSL history
since the Last Glacial Maximum (LGM) remains poorly resolved and the subject of

ongoing debate (Carter, 1982; Lambeck, 1995; Lambeck and Purcell, 2001; Peltier et al.,



Chapter 1 Introduction

2002; Shennan et al., 2006; McCabe et al., 2007; Brooks et al., 2008; McCabe, 2008a;
Edwards et al., 2008; Bradley et al., 2011; Kuchar et al., 2012). The postglacial RSL
history of the region is strongly controlled by the combined effects of local ice loading and
the influence of adjacent ice masses over Britain and Fennoscandinavia. The resulting
complex interplay between glacioisostatic rebound and eustatic sea-level rise is expressed
as an oscillating postglacial RSL curve that comprises intervals with sea levels both above
and below present. Whilst the details of the timing, magnitude and rates of these changes
are subject to debate, the non-monotonic nature of postglacial RSL change in the region is
a common feature across sea-level curves, irrespective of whether they are derived from
glacial rebound modelling or the interpretation of field data (e.g. McCabe et al., 2007;
Brooks et al., 2008; Bradley et al., 2011; Kuchar et al., 2012).

Both types of reconstruction rely on sea-level data which have so far been almost
entirely collected on land and dated mainly to the Holocene (Brooks and Edwards, 2006
and figure 1.3). The period of time when the RSL was locally below the modern sea-level
is critical to our understanding of the region coastal evolution and formation. Constraining
the amount of postglacial RSL fall for the region is of major interest to the archaeological
community as Ireland was first colonised by humans coming from Scotland around this
period. Indeed the oldest site excavated in Ireland in Mount Sandel is located in the Derry
region (Woodman, 1985) and it is understood that these people lived beside the coastline of
the sea and large rivers and relied heavily on seafood and fish for their survival. Hence
there is a strong potential for submerged prehistoric coastal landscape of national
importance preserved in the region (Quinn et al., 2008)

Evidence for these can be found in painstaking and costly diving surveys but also
prominently using high-resolution bathymetric survey as well as sub bottom exploration
using seismic reflection. Indeed, published studies using local seismic data (Cooper et al.,
2002; Quinn et al., 2009; 2010) and associated ground truthing coring survey (Kelley et al.,
2006) have identified sub bottom features (palaecochannels) and depositional evidence
(erosional surfaces) that suggest that current GRMs underestimate the magnitude of
postglacial RSL fall for the northern coast of Ireland (the RSL curve for Derry in figure
1.3).

This study wishes to explore the recently collected Joint Irish Bathymetric Survey

(JIBS), a multibeam high-resolution bathymetric survey, and the large corpus of seismic
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data collected over the last 15 years by the School of Environmental Sciences from the

University of Ulster for the northern coast of Ireland for any evidence of submerged relict

shorelines to constrain the magnitude of the local postglacial RSL fall.
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Figure 1.3: RSL data and modelled RSL curves for the northern coast of Ireland from
Brooks et al. (2008) highlighting the periods of time with potential for submerged
landscapes (from Quinn et al., 2008).
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1.2 Research question and testable hypothesis

This thesis aims to address the question whether the current generation of GRM can
correctly simulate the rate and magnitude of RSL change in formerly glaciated margins
such as the northern coast of Ireland. This will be addressed by examining new and
existing offshore datasets in the study area to identify evidence of relict shorelines in the
form of erosional features, such as marine terraces and cliff notches, and depositional
features, such as submerged beach barrier and stratigraphical evidence. The presence of
suitable data will first be tested in both the bathymetric and sub-bottom datasets. The
morphology, local context, depth and age of the features identified will then be used to
understand their formation and association with former RSL. New sea-level indicators
identified will then be compared with recently published modelled RSL curves.

One of the consistent results of all GRMs for the study area is the significant
differential isostatic rebound across Ireland following the ice retreat on land after the
LGM. This results in pronounced differences in the evolution of postglacial RSL between
the northeast and the southwest of Ireland (Brooks et al., 2008; Bradley et al., 2011;
Kuchar et al., 2012). In the study area, this contrast is visible with a variation in
contemporaneous level of up to 27m between the eastern side of North Antrim and the
western side of Lough Swilly (figure 1.3). This should result in observable dipping of
contemporary shorelines toward the west along the study area with comparable features
and lithofacies found at contrasting depths. Hence this constitutes a testable hypothesis
which if rejected would imply key shortcomings in the models' ability to describe glacio-

isostatic adjustment process.

1.3 Thesis outline

Chapter 2 presents the study area of the northern coast of Ireland in terms of its
geological and glaciological history (sections 2.1 and 2.2 respectively). This is used to
define the context of its modern coastal landscape and the type of features that are actively
forming (section 2.3). This is a necessary first step in the exploration of relict shorelines.
The state of RSL knowledge for Ireland as a whole and the study area in particular is
presented in details identifying the existing discrepancies between the field based

reconstructions and the GRMs' results (section 2.4).
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Chapter 3 introduces the various methodologies used in this research project. The
recent high resolution survey of the bathymetry of the north coast of Ireland (JIBS) is
presented first representing an opportunity to explore the geomorphological evidence of
past RSL offshore (section 3.1). The use of bathymetric histograms and the development of
a marine terraces database are then presented (section 3.2). Section 3.3 details a wave
erosion model used for the reconstruction of shore profile evolution. Finally, sections 3.4
and 3.5 explore respectively the corpus of seismic data used and interpreted and the details
of the ground-truthing coring survey and the core analysis undertaken for this study.

Chapter 4 investigates the physical evidence for coastal features linked with former
RSL both on topographical and bathymetric data. After a brief description of the features
forming on rocky coasts (section 4.1), the extensive previous work on the terrestrial raised
shorelines will be presented and analysed (section 4.2). The potential for suitable data
whether erosional or depositional is explored in the histogram of the bathymetric data
(section 4.3.1) and the extensive corpus of newly identified submerged marine terraces is
presented. These are analysed in terms of their local geological and environmental context
and its influence on their morphological parameters to understand their relationship with
former RSL (sections 4.3.2 and 4.5).

Chapter 5 pushes the analysis further by modelling the formation of the rock coast
profiles of the study area. The wave erosion model, presented in section 3.3, is run using
four of the recently published GRMs (Brooks et al., 2008; Bradley et al., 2011; Kuchar et
al., 2012) to test the origin of some of the previously recognised marine terraces. The
modelled output are then compared to the measured profiles to select the parameters for the
best fit (section 5.3). This analysis aims at identifying the actual influence of the
postglacial RSL change on hard rock erosional features in terms of their formation and
preservation.

Chapter 6 presents the exploration of the stratigraphical sequence of local seismic
data for any depositional evidence of recent RSL change. Published seismostratigraphic
knowledge from the area are first analysed. The whole corpus of seismic data both already
used in publication and more recently collected is consistently examined for ground
truthing targets (section 6.1). Such ground-truthing survey was undertaken in order to core
at target locations to geologically correlate their seismic stratigraphy (section 6.2). After

the correlation of the local evidence to build a regional stratigraphy described in sections

11



Chapter 1 Introduction

6.3 and 6.4, the significance of the depositional scenario for the local RSL change is
presented in section 6.5.

Finally in chapter 7, the various lines of evidence from the study area will be
compared and tested in light of their RSL meaning. Evidence from the erosional model
presented in chapter 5 are used first to understand the age and formation of the marine
terraces described in chapter 4 (section 7.1). And secondly, the newly identified RSL
indicators are analysed and compared in light of the GRMs' RSL simulations (section
7.2.1). In particular, the evidence for a differential glacial rebound is presented (section
1.2.2).

In conclusion, Chapter 8 suggests general recommendations for future generations

of Glacial Rebound Models.
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Chapter 2

Study area and origin of its coastline

This chapter will present the modern coastal landscape for the northern coast of Ireland.
First the geological context is presented chronologically and a brief description of the
subglacial evidence of Quaternary glaciations is analysed. Modern coastal features are
described then highlighting the potential for preserved submerged relict shorelines. Finally
the state of the RSL research for Ireland is presented displaying the discrepancies between

field data and modelled curves.
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2.1 Overview of the local geology and origin of the coastline

The study area extends along the north coast of Ireland from Torr Head in County
Antrim through the northern coast of County Derry/Londonderry to Fanad Head in County
Donegal (figure 2.1). The Geology of the area is dominated by the extensive Palacocene
basalt plateau and the coast outline is dominated by late Tertiary faulting that allowed the
complex older metamorphic lithologies of the Dal Riada complex from the late
Precambrian to appear in places. The main line of faulting is from the south west to the
north east and has its origins in the Caledonian Orogeny from the Ordovician to the
Silurian. As such all lithologies visible at the coastline extend north east from it. Two of the
main three bays of the area are defined by such major faults: Lough Foyle has its origins in
the Foyle fault and the town of Ballycastle, at the centre of Ballycastle Bay, lies over the
Tow Valley fault. The third major bay of Lough Swilly is a fjord but also shows evidence
of overdeepening linked with the Leenan fault (Evans, 1973). The bays along this coastline
are marked by the softer sedimentary lithologies of Carboniferous sandstones and coal
measures at Ballycastle Bay and Mulroy Bay, Triassic New Red Sandstone at Red Bay to
the east of the study area and Jurassic Lias Clays at White Park Bay.

Beside the extensive volcanic activity at the origin of the Basalt plateau, further
intrusive igneous lithologies appear clearly on the coastline. Two Tertiary Dolerite sill
complexes form the headland of Fair Head in County Antrim and the skerries islands and
portrush headland in County Derry/Londonderry.

The following short description of the local lithologies per geological eras is based

on Holland & Sanders (2009).
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2.1.1 Precambrian metamorphic rocks

The late Precambrian metasediment basement for the area is named after the
ancient gaelic kingdom of the north east of Ireland (Dal Riada) and has been found from
Galway to Scotland. However, the oldest known rocks from the island of Ireland are
syenitic orthogneisses of the Rhinns Complex exposed on Inishtrathull off Malin Head, at
the top of the Inishowen peninsula. The Dalradian Group of lithologies mainly outcrops
over most of county Donegal to the west of the Foyle fault but also appear between
Ballycastle, east of the Tow Valley fault, and Cushendall. They are visible as rock cliftfs
over most of north Donegal, (apart from a granodiorite pluton outcrop toward the two
opposing shores at the north end of Lough swilly) and from Murlough bay to Cushendun.

The eastern inlier is composed mainly of schist and schistose grit (figure 2.2)
whereas the Inishowen rocks of Donegal are mainly Quartzite, Schist, Marble and

Amphibolite (figure 2.3).

platform,v. e
s

Figure 2.2: View of exposed Dalradian complx rocky ctline 10 the south east of
Murlough bay showing gently sloping rock cliff with a modern shore platform and
no beach.
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Raised terrace

Figure 2.3: View of Dalradian complex cliffs and raised terrace (3 to 4m above
modern sea-level) on the north coast of Inishowen.

2.1.2 Late Caledonian orogeny and related magmatism

Gabbro intrusions of Ordovician age are present in the Dalradian complex
alongside the north-east south-west main lines of deformations linked with the closure of
the Iapetus ocean and the late Caledonian orogeny.

The Fanad pluton, a granodiorite pluton dated to the Devonian outcrops to the north
of the Lough Swilly estuary. It is linked with the main Donegal pluton of further south-

west.

2.1.3 Devonian to Cretaceous sedimentary rocks

Resting unconformably above the Precambrian Dalradian complex, the Devonian
Old Red Sandstone is only present on the northern coast to the south east of the study area
at Cushendall. The formation is 1.38km in thickness and is stratified by 620m of
conglomerates, followed by 160m of sandtsones and topped by 600m of conglomerates. A
raised marine terrace is visible in this top layer just north of the town of Cushendall at 3 to

4m above the modern shore platform (Prior, 1965 and figure 2.4)
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Carboniferous (Visean) sandstones, where the famous coal measures were formed,
and shales form the eastern part of Ballycastle Bay between Fair Head and Ballycastle
town (figure 2.5). These extend offshore towards the Tow Valley fault (Westley, pers.
comm.).

Triassic sandstone and mudstone outcrop at the coast south of Cushendall although

dating of this formation is still uncertain and it could actually come from the Devonian.

@RM' “_'v;:":
Figure 2.4: Former seacave at the north

of Cushendall (Prior, 1965) formed in the
Old Red Sandstone conglomerate.

One of the most famous features of the landscape in the study area are the cliffs
and modern platform system of the Ulster White Chalk Formation. This lithology is linked
to the Chalk Group of southern England but has a much greater hardness and lower
porosity (see Hancock 1963 for an explanation of this phenomenon). It has a maximum
thickness of over 120m and lies unconformably over the local basal greensand and Lower
Jurassic (Lias) marine clays which are only a few tens of metres thick. It is particularly
visible at the White rocks east of Portrush, on the south coast of Rathlin Island (figure 2.6)
and from Dunseverick to Ballycastle where raised terraces from the Holocene can be seen
overlying the modern shore platform by 2 to 6m in places (figures 2.7 and 2.8). Nodules in

the chalk are the main source of flints in Ireland.
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Visean sandstone with Fair Head in the background

Figure 2.6: Close up view of the chalk cliffs of Rathlin Island
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Chalk Cliff

Raised platform

Figure 2.7: View east of Ballintoy harbour of chalk cliff and raised platform
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2.1.4 Palaeocene-Tertiary basalt

The landscape of the north-east corner of Ireland is dominated by the tertiary
basalts of the Antrim Plateau, covering an area of some 4000km’. These rocks occur as a
series of horizontally layered lava flows with a total thickness of over 750m. The lava pile
has been built up of very many individual flows ranging in thickness from less than 1m up
to 30-40m. They form spectacular cliffs along the north and east coasts, including the
Giant's Causeway which has been designated as a World Heritage Site for its cliff scenery
and for its historical importance in the development of the science of geology (figure 2.9).

There are three main phases to the Antrim Lava group; the Lower Basalt, a
widespread formation forming the escarpment overlooking Belfast and the cliffs of the
north and east Antrim coast, an interbasaltic bed of lateritised basalts, residual bauxites and
iron ores and the Upper Basalt, which occurs mainly as outliers on the higher ground in the
north and east. To the north and west of the Tow Valley fault, a more localised series of
basalt flows, the Causeway Basalts, interrupted the interbasaltic hiatus: these basalts are
unusually fine grained and exhibit excellent columnar jointing (figure 2.10). Almost all the
flows were interrupted and cooled subaerially (a few flowed into lakes).

Intrusive features such as plugs, dykes and sills, were formed alongside the
extrusive acitivity. Most famous of all are the sill of the Skerries archipelago off Portrush
and the great dolerite sill of Fair Head, well known for its glacially striated rock pavement
(figure 2.5). This sill forms a promontory so distinctive it was recognised and charted on

Ptolemy's map as Rhobodgium (Darcy & Flynn, 2008).
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Raised platform

Modernplatform

Figre 2.9: Modern and raised pa(form from the Giant's Causeway (picture by
Kieran Westley)

Figure 2.10. Basaltic columns from the Giant's Causeway, under wikimedia commons

licence
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2.1.5 Offshore basins

The main sedimentary basin for the area is called the Rathlin Basin from the Tow
Valley fault in the east to the Foyle fault. North west of it lies the Middle Bank which
continues into the Islay-Donegal Platform further west. South east of the Tow Valley fault
lie the Arran and North Channel Basins (figure 2.11 from Holland and Sanders, 2009). As
detailed in the inset of figure 2.11, these basins are filled mainly by Mesozoic and Permian

sedimentary rocks occasionally underlaid by Carboniferous sedimentary rocks as in the

Rathlin Trough.

0 40 km
A Mesozoic & Permian L |
sediments B Palaeozoic & Precambrian Basin

_e Fauttwith downthrow [l Intrusive rocks
_ - Line of section [] Onshore area
A NW
Islay-Donegal  Loch Indaal Highiand

Platform Basin Middle Bank Rathlin Trough Border Ridge
e — 0

km [ Permo-Triassic & younger Mesozoic Carboniferous [l Lewisian & Dalradian ]
Figure 2.11: Offshore depositional basins for the larger region of the North-East of Ireland
(from Holland and Sanders, 2009).

2.2 Quaternary evolution of the landscape

In an effort for consistency and to fit the majority of the current literature, the ages

reported in the sections below are in calendar ages BP (1950) unless stated otherwise.
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2.2.1 Evidence on land

There is clear evidence for two glaciations in the study area (Knight et al., 2004).
The earlier glaciation is inferred to be of Scottish origin from shelly till lithofacies
distribution and microgranite erratics of Ailsa craig origin (Kilroe et al., 1888). It has been
suggested that it corresponds to the Marine Isotope Stage (MIS) 6 (175,000 to 120,000
years BP) although dating and extent is uncertain (Stephens et al., 1975; Coxon and
McCarron, 2009).

The second and latest glaciation corresponds to the MIS 2 to 4 that started around
80,000 years BP and reached its climax in terms of ice extent at the Last Glacial Maximum
20,000 years BP (McCabe and Dunlop, 2006; Dunlop et al., 2010). Irish and Scottish ice
are believed to have been confluent in the North East of Ireland then with Irish ice thick
enough to prevent extensive penetration by the Scottish ice. Ice flow was mainly from the
centre of ice in Lough Neagh to the north as evidenced by the drumlin field of the Bann
valley and the carriage of local indicative erratics. As far as the western part of the study
area is concerned, the recently published maps of Greenwood and Clarke (2008) indicate
the main ice flow to be following a south west to north east trajectory that aligns with the
main faults and modern river flow of the area (figure 2.12).

As the Irish ice decayed from 20,000 till 15,000 years BP, the ice front retreated
south but was followed by a readvance of Scottish ice that ended in the Armoy moraine
forming an arc from Ballycastle to Coleraine through Armoy and Ballymoney (figure
2.13). A glaciolacustrine stratigraphy south of Armoy has its origins in a meltwater lake
sitting in between the Scottish ice front and the retreating Irish ice front (Creighton, 1974).
Drumlinisation, indicating rapid ice flow, is thought to have occurred in the north of
Ireland at c¢. 17,000 years BP (McCabe et al., 1986) . The age of the Antrim coast
advance/Armoy stage is conjectural and has been nominally placed at c. 14,000 years BP
(Stephens et al., 1975) but more recent work (Clark et al., 2012) suggests it is likely to be
much earlier (c. 17,000 years BP). Hence it has been suggested that north-eastern Ireland's
coastline becomes ice free 16,000 years BP and that ice had retreated to the south of the

study area by then (see Clark et al., 2012 for a recent review).

25



Chapter 2 Study area and origin of its coastline

s

e
2 \\\m‘n\\\\\%\ \\\

=~
74
\\\\ 4 4 = \\\\\\
' 2 i :\\\“\\m'\\ \\ 7 ¢ \:
/ 7
// \\\\ \\\\\ P P \\\
L INE S “\\ /
. / 1
S L1 oy ‘\2
# e

2 o
2/ t\\\\\n A

&,

sy, I
7 wl’ i

vyt ;
" "

LEGEND

\\

Glacial lineations
(drift lineations, i.e. drumlins, mega-scale glacial lineations)

Crag and tails
(direction of ice flow given by direction of 'tail’)

Minor ribbed moraine
(as below, but considerably smaller in dimensions)

Ribbed moraine
Other bedform

(subglacial bedform which is difficult to fit to the above
categories; typically circular in shape)

s
4 Woun#®

Sperr
Elevation
1020m
Om
Bathymetry
Om
-2520m

N
\ \ \
4//,/ N\ SR

&
WG 0

i
e
G

W NAE | wh
RS RN T e o @v\
////; N> D R ESEe vt SGE
R A ~IYY % /i,
R T AR A s
SARR AR A RS . \\,-\NN\
R T R R R e 47,
RO RIS T oL it o
LAY NS S o L L
AN G N % Tiws
A e 2 “y L e

SCALE  1:425,000

PROJECTION INFORMATION

Irish National Grid: Transverse Mercator Projected Coordinate System
Spheroid: Airy Modified 1849

Datum: Ireland 1965

Units: metres

mxdsm_m<m:o:nm~mm:anm:<oaoomm=_:mHm:camxmamq._.ovonqmv!n;_wm_o:v
GEBCO bathymetric data (General Bathymetric Chart of the Oceans)

Figure 2.12: Close up of the study area for maps from Greenwood and Clark (2008)

displaying subglacial bedforms.
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Figure 2.13: Map from Clark et al. (2012) of the moraines (brown) and meltwater
landforms (eskers in green and channels in blue) of Ireland with reconstructed ice sheet
margin positions (solid black lines, dotted are only conjectural). The Armoy moraine
appears clearly as the semi circle to the north of Antrim with the arrow pointing north.
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Similarly, the Irish ice was not monotonically retreating after the LGM. Ice sheet
readvances have left some clear evidence in their terminal moraines, sometimes associated
with raised coastlines features such as swash gullies, washing limits, gravel ridges and
erosional notches and terraces (McCabe, 2008b). Several segmented lines of moraines are
still visible following the northern coast of Donegal from the Lough Foyle mouth to
Bloody Foreland situated to the west of the study area and although not continuous, it has
been suggested that they are all contemporaneous (McCabe, 2008b). A push moraine at the
mouth of Lough Foyle (Stephen and Synge, 1965), associated with a raised shoreline
continuing along the modern lough to the south, and a truncated moraine at Trawbreaga
bay (McCabe and Clark, 2003) to the north west of the Inishowen peninsula allowed a
tentative date to be given to this readvance of between 15,000 and 14,000 "“C years BP
(thanks to radiocarbon dated foraminifera in reworked marine sediments at Corvish
(McCabe and Clark, 2003)).

Contemporaneous with the Scottish ice readvance towards the north-east coast
¢.17,000 years BP, another ice sheet readvance (the Killard Point readvance) has been
recorded in county Down, south of the study area. This was preceded by a more extensive
readvance (the Clogher Head readvance) that was dated to c. 18,000 years BP on the basis
of radiocarbon dated foraminifera from marine muds overlain by till, boulder pavement
and glacial outwash (figure 2.14). These are closely associated with raised beaches and
erosional shoreline features and were used to date some of them in the region and

reconstruct the local sea-level curve (McCabe et al., 2007).
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2.2.2 Offshore evidence

No subglacial or periglacial landforms have yet been identified on the seabed of the
study area. It is likely that some may exist buried under reworked sediments or that some
existed but were destroyed/overridden by the Armoy advance stage. Submarine moraines
were identified further to the north west, on the Malin shelf, and all along the west coast of

Ireland (Benetti et al., 2011 and figure 2.15).

2.3 Coastal landscape

2.3.1 Contemporary coastal geomorphology

Wave action is a key factor in the formation of any shoreline and this is commonly
described in terms of wave frequency, height, direction and variability. The north of
Ireland, due to the preponderance of westerly driven weather system from the north
Atlantic, is subjected to regular swells with a general north west to south east orientation
throughout the year. The waves crashing on the rocky cliffs and platforms and shaping the
softer beaches and sand bars are then refracted differentially by the headlands along the
coastline. The tides are semidiurnal with a spring tidal range of around 3.5m in the west of
the region, decreasing to around 0.9m in the east. The environmental conditions of
exposure to modern wave action and local tidal range are presented in tables 2.1 and 2.2
based on data from the weather buoys of the Irish Department of Transport and the British
Admiralty tide tables (2011) respectively. In addition to these usual conditions, regular
cyclonic passages form sea waves with significant deep-water wave height (in the range of
15-20m, Devoy, 2000) with 50 year extreme wave heights of about 25m inshore (Carter &
Draper, 1988).
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Ho (m) F (%) T (s)
<1 5.6 5.1
1-2 31.0 5.7
2-3 28.2 6.7
3-5 26.0 7.8
5-7 7.1 9.2
7- 2.1 103

Table 2.1: Summary wave data derived from the Irish Department of Transport buoy M4
(Station 62093), Donegal Bay (water depth = 72m). HO = binned significant wave height
(metres); F' = proportion of the total record in each bin, T = average wave period within
each bin (seconds) (from Thébaudeau et al., 2013).

The high energy, wave dominated coastline of the north of Ireland comprises rocky
cliffs and shore platforms (figures 2.3 to 2.9 and section 4.1), commonly associated with
gravel ridges, beach sand and aeolian dune deposits (Carter, 1982; Jackson et al., 2005).
The sediment supply for these deposits comes from reworking of shelf sands of glacial
origin (Cooper et al., 2002) or local erosion of bluffs of glacial sediments (Carter, 1991). In
places, this rugged coastline is punctuated by more sheltered sea loughs (estuaries of
glacial inheritance such as Lough Swilly and Lough Foyle) and embayments (such as
Church Bay in Rathlin Island) which permit the accumulation of lower-energy, finer
grained estuarine sediment (Carter, 1982). Whilst rocky coasts are traditionally regarded as
being less vulnerable to the effects of climate and sea-level change than their lower-energy
sedimentary counterparts (Nicholls et al., 2007; Cooper, 2007), their actual resilience is
poorly quantified and a better understanding of long-term rocky coast evolution is required
(Naylor et al., 2010). This issue has particular significance along the rocky coast of the
north of Ireland, not least because of the presence of the Giant’s Causeway World Heritage
Site and associated concerns regarding climate-related increases in erosion and inundation

(Orford et al., 2007).
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Tidal Station Tidal Data (m OD Malin Head )
MHWST MHWNT MLWNT MLWST

Ballycastle +0.5 +0.2 —-0.1 —-0.4
(Area 1)

Portrush +0.7 +0.6 —-03 —-0.8
(Area 2)

Fanad Head +13 +0.3 -1.2 —-22
(Area 3)

Table 2.2: Summary tidal data for the three locations (m OD Malin Head). MHWST =
Mean high water of spring tides;, MHWNT = mean high water of neap tides, MLWNT =
mean low water of neap tides; MLWST = mean low water of spring tides (from
Thébaudeau et al., 2013).

2.3.2 Relict coastal features

In addition to its actively forming features, relict coastal landforms and facies are
exposed along the northern coast of Ireland at a range of elevations above their
contemporary counterparts (Praeger, 1896; Coffey and Praeger. 1904: Movius, 1953;
Stephens, 1963; Prior, 1965; Orme, 1966; Synge and Stephens, 1966; Carter, 1982). This
varied association of ‘raised shorelines’, which consists of erosional features such as rock
platforms, notches, terraces and ‘washing limits’, and depositional features such as gravel
ridges, or marine deltas, has been cited as evidence of higher than present relative sea-level
resulting from glacioisostatic rebound of this formerly glaciated region (Devoy, 1983:
1995; McCabe et al., 2007). Similarly, investigation of the inner shelf has identified
potential beach deposits and erosional notches now submerged by several tens of metres of
water, suggestive of periods during which RSL was below present (Cooper et al., 2002;
Kelley et al., 2006). These lines of evidence will be presented in more details in sections

4.2 and 6.1.
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2.4 Relative sea-level

The RSL history of the region is strongly controlled by the combined effects of
local ice loading and the influence of adjacent ice masses over Britain and
Fennoscandinavia. The resulting complex interplay between glacioisostatic rebound and
eustatic sea-level rise is expressed as an oscillating postglacial RSL curve that comprises
intervals with sea levels both above and below present (McCabe et al., 2007; Brooks et al.,

2008).

2.4.1 Sea-level data and RSL reconstruction

Figure 2.16 shows the available sea-level data points for the study area,
representing the evidence available in the literature and were classified for the whole of
Ireland into a sea-level database (Brooks and Edwards, 2006). There is a comprehensive
lack of reliable precise data as no Sea-Level Index Points (SLIP) were published for the
study area. SLIPs are a central development of recent RSL studies (Edwards, 2005) as they
aim to fix precisely the past elevation of RSL in both time and space. In brief, such a data
point must contain information regarding its location, its elevation, its age and its
indicative meaning defined as its vertical relationship to contemporaneous tide level
(Brooks and Edwards, 2006). Limiting dates are dated samples which were deposited
outside of the tidal frame and so constrain the contemporaneous RSL by providing either a
maximum or a minimum limit (Brooks and Edwards, 2006). Limiting dates were further
categorised into primary (1) and secondary (2) based on the level of understanding of their
source environment. A number of limiting dates were recognised in the study area but most
of these give information for the Holocene and, due to their origin on land, correspond to
periods when the relative sea-level was higher or similar to today's level. These limiting
dates vary in origin from basal peat, organic soil and sediment deposition, corresponding to
either a terrestrial or marine context, to shells and wood fragments, whose natural habitat is

defined by a particular relation to sea-level (Brooks and Edwards, 2006).
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Figure 2.16: Map displaying the published sea-level data and their classification for the
study area (after on Brooks and Edwards, 20006).

Lough Foyle

2.4.2 Glacial rebound models

In the absence of precise local RSL data for this period (Carter, 1982; Brooks and
Edwards, 2006 and figure 2.16), a range of glacial rebound modelling studies have been
undertaken and RSL scenarios were derived from them (Lambeck, 1991; 1993a; 1993b;
1995; 1996, Shennan et al., 2000a; 2000b; Lambeck & Purcell, 2001; Peltier et al., 2002;
Shennan et al., 2002; 2006; Brooks et al., 2008; Bradley et al. 2011; Kuchar et al., 2012).
Glacial Rebound Models (GRM) are geophysical models that simulate the local amount of
depression and rebound of the continental crust due to ice and water loading. They are also
called Glacial Isostatic Adjustments (GIA) models. The models are composed of three
elements: an earth model where the thickness and elasticity of the lithosphere are defined;
an ice model to define the thickness of the local and global ice geographically and
chronologically based on our current understanding of ice centres and ice flows; an
algorithm to compute changes in relative sea-level based on the most recent form of the
sea-level equation (Mitrovica and Milne, 2003). The model is run over the length of time
of the defined ice model starting (for instance, with ice loading at the last interglacial (MIS
Se)) and computing its effect on RSL at predefined time steps. The outputs are then

compared with RSL data from the various localities and adjustments in the ice model and
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earth model parameters can be made to try and fit the observable data.

Glacial rebound in the British Isles is a complex issue due to the various
interactions of the major ice centres in Fenno-scandia and Laurentia and the local British
and Irish Ice Sheet (BIIS). After the early applications of GRM for the British Isles (work
of Lambeck since 1993) several new iterations were built following advances in the sea-
level equation and improvements in the speed of computation and the size of database of
new computers. These new iterations allowed the addition of processes overlooked in
earlier simpler models such as hydro- and glacio-isostasy, earth rotational effects on the
local and global sea-level and terrain correction significantly altering the ice thickness in
mountainous areas. In Brooks et al. (2008), a new ice model is defined for Ireland based on
more recent geological evidence for a more laterally extensive Irish Ice Sheet than had
been previously postulated (see McCabe and Dunlop, 2006; Ballantyne et al., 2007; 2008)
and the latest sea-level equations are used (Mitrovica and Milne, 2003). The model is
compared with the range of RSL data that were classified in their previously published
database (Brooks and Edwards, 2006). Significant improvements in the fit of the data
compared to the earlier, more general, models helped build a new understanding of the
environment evolution of Ireland since deglaciation, in particular on the presence or
absence of a land bridge between Ireland and Britain (Edwards and Brooks, 2008).

However, discrepancies between some of the data and modelled RSL curves,
notably in North Mayo (figure 2.17) and the north east (figure 2.18), were still present and
provided reasons for some of the research community to disbelieve the modelling approach
altogether (McCabe, 2008a; Edwards et al., 2008). This conflicting evidence is based on
dated marine muds (using radiocarbon dates of associated monospecific assemblages of
either foraminifera or bivalves) and show discrepancies from the modelled curve of up to
60m in North Mayo (figure 2.17). Furthermore, a reconstruction of the RSL change was
built for the whole North East of Ireland based on various field evidence (shingle ridge,
raised marine muds and palaecochannels filled with marine muds plotted on figure 2.19)
from various areas (McCabe et al., 2007). This curve (figure 2.18) shows dramatic
variation in a very short period of time indicating a very dynamic interaction between
isostatic rebound and eustatic variation; so dynamic in fact that the RSL rises and falls with
rates of several 10s of mm/year in close succession where the modern maximum measured

uplift rate is close to 10mm/year near Hudson Bay in northern Canada where the ice was
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thickest during the LGM (Sella et al., 2007). The lines of evidence used for this

reconstruction came from various locations that models described as separate with varying

local RSL change that therefore cannot be combined in one area. Even in individual

localities, critical evaluation of each of the datapoints points to uncertainties in the

associated indicative meaning of the order of several meters (Edwards et al., 2008).

Nevertheless, they pointed to real issues in the modelling of RSL change in Ireland linked

with either the ice model or the earth model used.
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Figure 2.17: Computed sea-level curve (Brooks et al., 2008) and associated sea-level data

for North Mayo.
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In Bradley et al. (2011), a new eustatic modelling of the melting history of the non-
local ice sheets is used to build a more accurate prediction of the global and local eustatic
sea-level change. New GPS data on crustal movements are used to constrain further the
earth model. But the ice model is the same created for the Brooks et al. (2008) model. The
RSL curves modelled show a much more constrained range of change for the RSL with
lower highstands and shallower lowstands than previously modelled. But the major
discrepancies described above were still not resolved.

Further work using the earth model and sea-level equation of the Bradley et al.
(2011) was published by Kuchar et al. (2012). In this novel study, three numerical ice
models built from palaeo-climate and environmental data (Hubbard et al., 2009) rather than
observations of ice extent (moraines) and thickness (trimlines) are input as the ice model
driving the Glacial Rebound Model. These three models of minimal, median and maximum
ice volume produced ice sheets much thicker than reconstructions based on trimlines
suggested. Although similar methodologies were used for the larger, thicker and more
extensive ice sheets such as Fenno-Scandia, no attempt had previously been made to use it
with the more complex case of the British Isles. The fact that this process produced misfits
between the RSL curves and the observed data of similar order (but larger) than the
previous two models suggest that trimlines should be reinterpreted as boundaries between
warm- and cold-based ice (Ballantyne, 2010). Earlier discrepancies were still not resolved.

The main differences between the reconstructed and modelled RSL curves for
Ireland are due to the rates and magnitude of glacial uplift that are constrained for the
modellers by the mantle viscosity of their earth model and tend to build a much less
“abrupt” curve. Most recent studies (Shennan et al., 2006; Brooks et al., 2008; Bradley et
al., 2011) tend to attempt to fit RSL data to modelled curves through the adjustments of the
viscosity of the lithosphere and of the upper mantle in a range defined in Dziewonski and
Anderson (1981). Whereas reconstructions such as the one published by McCabe et al.
(2007) use the RSL data as extremities for their curves without consistent considerations of
their indicative meaning or the physical constraints associated with such rapid transition of
movements (figure 2.18). Although crustal movement due to active faulting might bring
potential abrupt differences in the evolution of RSL from one locality to another locality
separated by a fault, such considerations have proven out of reach for the current

generation of GRMs as consistency in RSL change from one locality to its neighbouring
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ones is an integrate part of the modelling process. The difficulty in reconciling the two
methodologies is clear in places where there is a lack of precise RSL data such as Ireland

(McCabe, 2008a; Edwards et al., 2008) and, in particular, the study area.

2.4.3 RSL change for the study area

The latest modelled RSL curves for the study area from Brooks et al. (2008),
Bradley et al. (2011) and Kuchar et al. (2012) “minimal” and “maximal” ice volumes
curves were used for this study for comparison. Whilst all the RSL curves show similar
overall patterns, including differential east-west isostatic rebound, and an inflection at
14,000 years BP related to Meltwater pulse 1a, they differ in the rate of RSL change as
well as the duration and magnitude of RSL high or lowstands.

Figures 2.20, 2.21 and 2.22 display the sea-level curves computed for the study area
from the four afore mentioned more recently published GRMs plotted against the sea-level
data published for the last 20,000 years. Assumptions from marine geophysical data on the
local RSL lowstands made previous to this study were added to the plots for reference.
These potential RSL constraints are a general break of slope at -30m depth for the eastern
side of the study area (Quinn et al., 2008; 2009; 2010) as well as palaecochannels bottom
depth and a particular seismic reflector thought to correspond to freshwater peat (Cooper et
al., 2002; Kelley et al., 2006; Quinn et al., 2008; 2009; 2010). They were observed in
bathymetric and seismic datasets and are presented in detail in chapter 6. The study area
has been subdivided into three smaller region based on the distribution of RSL data points
published; Antrim to the east, Derry to the centre and Lough Swilly to the West.

These curves share a similar evolution through the various GRMs and regions.
They all show RSL higher than present at the time of early deglaciation and falling due to
the isostatic rebound of the shelf until a first lowstand around 14,500 years BP. This is
followed by a rapid rise due to the Meltwater pulse 1a at 14,500 years BP that makes way
for continued sea-level falling as the isostatic rebound becomes prevalent again until a
second lowstand at 11,000 years Cal. BP. As the rate of uplift decreases, the sea-level rises
more steadily then until a Holocene highstand between 6,000 and 7,000 years BP (the date
depends on the GRM) particularly in Antrim. As the rate of eustatic sea-level rise decreases

and the slower uplift continues, the local RSL falls slowly to its modern level.
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Figure 2.20: Computed sea-level curves and associated sea-
level data for North Antrim (eastern part of study area)
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Ice models developed for Ireland have located the thickest ice in the North East of
the island just south of the study area. The local GRMs also need the information from
adjacent ice sheets, in this case the ones in Britain, Fennoscandinavia, Iceland, Greenland
and North America. The first two of these ice masses being of a much greater thickness
than the Irish one and due to their proximity have a much greater influence on the
computed isostatic rebound of Ireland. Hence every GRM computed for Ireland shows a
similar contrast between the north east and the south west of the island due to their relative
position to the ice centres in Britain and Fennoscandinavia. For example in the study area
of this thesis, the three curves for the three regions of Antrim, Derry and Lough Swilly
show a clear distinction from the east to the west. The Antrim curve displays a higher RSL
overall the early deglaciation and the lowstands and the Holocene highstand compared to
the Lough Swilly curve. The curve for Derry sits somewhat in between those two.

The sea level data points plotted on top of the RSL curves of figures 2.20, 2.21 and
2.22 are all limiting dates and their representation as an upward or downward triangle
serves the purpose of understanding the ideal sea-level curve to pass above or below the
arrow. Although most of the computed sea-level curves do not sit exactly in the right place
to these arrows, it is reasonable to accept them as they all sit in the range of the vertical
uncertainties associated with the plotted limiting dates with the noted exceptions of the
Bradley et al. (2011) and Kuchar et al. (2012) curves for Antrim for the lowstands around
15,000 years BP and for the Brooks et al. (2008) and Bradley et al. (2011) curves for
Lough swilly for the early deglaciation period before 15,000 years BP. Therefore the
computed curves for the area resolve the more recent changes in RSL but struggle to
compare with the field collected data for the earlier deglaciation period.

No definite sea-level data exist for any elevation below 9m depth for the study area
and the elevation of the lowstands for the study area are only assumptions based on the
GRM. The potential coastal features observed either on the seabed with bathymetric data
or beneath with seismic data are far below the modelled lowstands (Cooper et al., 2002;
Quinn et al., 2010) with the exception of two palacochannel features observed on seismic
lines in the Derry region (see sections 6.1.2 and 6.1.4) that are in the range of the

lowstands computed for Brooks et al. (2008) and Kuchar et al. (2012) min ice model.
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Chapter 2 Study area and origin of its coastline

2.5 Conclusion

This chapter has sought to establish the geological and glaciological background as
well as the modern energy conditions of the northern coast of Ireland. This was presented
in order to understand the formation of the main features of the coastline associated with
modern and ancient sea-level. The general lack of precise RSL data for the area have
pushed toward the modelling approach which produced good fit with the available data.
However the absence of offshore sea-level data points prevents making any assumption as
to the accuracy of the GRMs' simulations of the magnitude and rate of RSL change. This
study will explore the offshore evidence using both the geomorphological data, controlled
by the local lithologies (Chapter 4 and 5), and the sediment stratigraphical data, controlled
by the local environment conditions (chapter 6). The next chapter (chapter 3) will develop

the methodologies used in this study.
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Chapter 3

Datasets and methodologies

This chapter will present the various methodologies used for this study. First, the dataset
used for the geomorphological part of the study will be presented followed by a description
of bathymetric histograms and their use in submerged landscape recognition. This chapter
continues by describing the manner in which the marine terraces database was created and
analysed. A wave erosion model was consequently used and its functioning mechanisms
are presented here. The methods of seismic data analysis and seismostratigraphy are
introduced in conjunction with a presentation of the seismic data available from the study
area. Finally, sediment core collection and analysis methodologies used in this project are

described in conjunction the results of the coring survey undertaken for this project.
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Chapter 3 Datasets and methodologies

3.1 The Joint Irish Bathymetric Survey (JIBS)

3.1.1 Description of the project

In recent years, several European funded projects have aimed to update the
hydrographic chart around Ireland in order to create backdrops for new records of marine
resources, hydrocarbon exploration, biodiversity mapping and earth science research. The
study area, being located at the border of the Republic of Ireland and the United Kingdom,
necessited a collaboration of these two states for undertaking the survey of its inner shelf.
The Joint Irish Bathymetric Survey (JIBS) is the name of this collaboration for the
multibeam survey of the seabed from the coastline out to 3 nautical miles (5.55km)
offshore and from Torr Head in Co. Antrim to Fanad Head in Co. Donegal (see figure 3.1

and http:// www.marine.ie/home/services/surveys/seabed/JIBS.htm).

Echosounding is the process of emitting a high frequency sound pulse and
recording the arrival time of its reflection at the seafloor (Quinn et al., 2008). The higher
frequency allows for most of the energy to be reflected rather than penetrating the
substrate. Given knowledge of the velocity of sound in seawater (calculated from its
salinity and temperature) the travel time of the acoustic pulse can be converted into a
measure of water depth. The strength of the reflected signal, which is known as
backscatter, is dependent on the type of substrate on the sea floor. Typically, bedrock will
produce a high amplitude reflection whereas soft sediments such as mud will absorb more
energy through refraction of the pulse and so have a lower amplitude reflection. Mulitbeam
surveys use several emitters and receptors at the same time hence allowing faster coverage
and greater resolution through overlapping of the data. The raw data has to be checked and
spikes linked with weather conditions or the composition of the water column are filtered
out (Quinn et al., 2008). Tidal corrections are also applied using tidal gauges deployed both
offshore and onshore. All depths are then levelled to their shallowest possible occurrence
which happens at “lowest astronomical tides”. This bathymetric survey offers the highest
available resolutions with a vertical resolution of the order of centimetres and enough
datapoints to create Digital Elevation Model (DEM) of up to 1m lateral resolution in the
shallower sections (lateral resolution being partially a function of water depth).

The JIBS Project (funded by the EU through its INTERREG IIIA Programme) was
co-ordinated by the Department of the Environment for Northern Ireland (UK) and led by
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Chapter 3 Datasets and methodologies

the Maritime and Coastguard Agency (UK) in partnership with the Marine Institute of
Ireland (Republic of Ireland). It was surveyed using the R/V Celtic Voyager from the
Marine Institute and 3 contract vessels (the Jetstream, the Meridian and the Victor Hensen)
from the Maritime and Coastguard Agency from November 2007 to May 2008 (see table
3.1 for the type of instruments used). The data was processed and made freely available
and downloadable on the Marine Institute portal by the end of 2008.

It may be viewed at http:/gsigisl.dcmnronline.ie/imf/imf,jsp?site=JIBS. The data may be

downloaded at https://jetstream.gsi.ie/jibs/index.html.

Vessel Part of survey covered Instrument used Frequency
R/V Celtic Voyager Republic of Ireland Kongsberg Simrad 1002 95 kHz

R/V Celtic Voyager Republic of Ireland Kongsberg Simrad 3002 293 kHz
Jetstream Northern Ireland (UK) Kongsberg Simrad 3002 293 kHz
Meridian Northern Ireland (UK) Reson 7125 200/400 kHz
Victor Hensen Northern Ireland (UK) Kongsberg Simrad 710 71 to 97 kHz

Table 3.1: List of multibeam echosounder instruments used by the various vessels for the
JIBS.

Such a high resolution survey compares most favourably with the topographic
Lidar data on land provided by the Ordnance Survey Ireland (OSI) for the Republic of
Ireland and the Ordnance Survey Northern Ireland (OSNI) for the United Kingdom part of
the study area. The DEMs from these 2 agencies, although with a very high vertical
resolution comparable to the multi-beam data, has a lateral resolution of only 10m which is
insufficient for recognition of raised coastal features. The JIBS datasets on the other hand
allows for the investigation of the northern Irish coastline in search for relict buried
shorelines associated with RSL lowstands. The composite figure 2.1 (chapter 2) is made of
the DEMs from the JIBS multi-beam survey, recent Lidar and shallow multibeam data
from the INFOMAR project in Mulroy Bay, Lough Swilly and Lough Foyle and the OSI
and OSNI topographic Lidar data put together using the ArcGIS 9 software.
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Figure 3.1: Coverage of the JIBS datasets plotted over the bathymetric chart (from Quinn
etal., 2008)
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Malin Head

Backscatter (Sl)| |Altitude (m)||0 S5 10 20 Kilometers
10 50 | [ —
. 275
oz -70 0

Spread of low
backscatter values

Bedrock Geology

Triassic to Jurassic New Red Sandstone

|| Oligocene clay, sand & lignite

Palaeocene basalt
Il Cretaceous chalk, flint, glauconitic sandstone [ | Devonian Old Red Sandstone
|-

Igneous Rocks

I Carboniferous volcanic rocks
B Carboniferous shale & sandstone

Il Palaeogene basic intrusive rocks
B Devonian granodiorite

Il Ordovician gabbro & related rocks
Precambrian schist, gneiss & quartzite

Figure 3.2: Mosaic of the backscatter data from the JIBS.
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All depths and altitudes refer to the Malin Ordnance Datum (OD) and the
coordinate system used and represented on location maps is the projected UTM (Universal
Transverse Mercator) zone 29N using the WGS(World Geodetic System) 1984 geoid. A
geoid is an ideal representation of the globe of our planet with a particular radius and
elliptical parameters. This allows the projection from an angular set of coordinates on a
geoid to a planar coordinate system divided in rectangles or zones on the globe for better
accuracy. The Malin Ordnance Datum is a vertical reference point used to measure
elevation on land; here the reference is the mean sea level at Malin Head between January

1960 and December 1969.

3.1.2 Processing of geophysical data

The cleaning process of the raw data mentioned above was conducted by the
Marine Institute. There, interpolation of the data was undertaken using the IVS Dmagic 7
software and a range of DEMs were created with a vertical resolution of about 0.5m and
with various horizontal resolutions:

* 4m and 6m for the dataset of Northern Ireland
* 2m and 5m for the dataset of the Republic of Ireland.

Due to the interpolation process, DEMs are rectangular in shape and need to be
clipped along a given coastline. The created DEMs are directly available to download
following the previous link.

The JIBS cleaned datasets were reprocessed by Ruth Plets and Rory Quinn of the
University of Ulster to develop a DEM of 1m horizontal resolution for more detailed
analysis of seabed features and archaeological wrecks (Quinn et al., 2009, 2010, 2011).
Similar treatment was undertaken there on the backscatter data using the IVS FM
Geocoder software in order to create a seamless mosaic of the data collected by various
vessels under various conditions. Issues related to the change of frequency parameters used
for the recording of the bathymetric data by some of the vessels prevented the final
backscatter mosaic being seamless everywhere (figure 3.2). These issues originated from a
lack of acquisition notes for these changes in parameters and limitations in the Geocoder
software. This study uses the 4m and 6m DEMs and backscatter mosaic. Sections of the
dataset were re-interpolated to create a Im DEM of the bathymetry as a test to determine

its usefulness for this projects particular requirements. Whilst clear improvements in the
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DEM resolution allowed a better recognition of the nature of the seabed, the time involved
with the new interpolation was deemed too long for the limited improvements it brought.
The 4m and 6m DEMs were plotted and analysed using the IVS Fledermaus 7 software

and the backscatter data was georeferenced and analysed using the ArcGIS 9 software.

3.2 Methodologies used for the exploration of the multibeam data

3.2.1 Bathymetric histograms

The analysis of the histograms for the bathymetric datasets was initially undertaken.
This rapid process allows for the recognition of potential relict shoreline in the
concentration of flatter areas appearing as spikes on the curves (Passaro et al., 2010). As
RSL evolves, it might sit at particular elevation for periods of time called still-stands long
enough for the wave action to form a ledge or a marine terrace in the substrate. Such a
feature, if large enough and consistent over a wide enough stretch of coast can appear in
the histogram as a spike.

Bathymetric histograms are visualisation of the concentration of bathymetric points
at particular depths. The number of points in the bathymetric data grid that have depths
inside an interval of depths or a bin size are grouped and added together. The histograms
were calculated after exporting the bathymetric data into the ArcGIS 9 software. The
ArcGIS 9 software uses 256 bins based on the range of depth of the dataset, meaning that a
dataset with a range of data between 0 and 256m will have a bin size of Im for its
computed histogram. Issues linked with bin effects have been recognised to lower the
depth of large spikes and prevent the recognition of discrete spikes (Passaro et al., 2010).
Figure 3.3 displays the histogram for the Northern Irish bathymetry with bin sizes of 1m or
more computed by averaging the data from the 1m bin size histogram. This plot shows the
expected smoothing of the curve overlooking the more localised spikes but also the change
in depth of a spike on the data due to the change in bin size. Since the total depth range of
the data presented in figure 3.3 is the largest encountered in the JIBS datasets (0 to 256m),
all histograms presented in this study have bin sizes of the order of 1m or less which
allows their direct comparisons.

Histograms were computed for the 2 datasets of Northern Ireland and the Republic

of Ireland, as well as for subdivision of these datasets (section 4.3.1). These subdivisions
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were extracted on the ArcGIS 9 software. The various histograms have been normalised by
dividing the values for each bins by the maximum encountered in each histogram,

obtaining values between 0 and 1. This was done in order to compare them accurately.

-100

-120

-140 = 1.09m bins
—— 2.18m bins
4.36m bins

)

-160

Depth (m

-180
-200
-220
-240
-260
-280

-300
0 0.2 0.4 0.6 0.8 1

Figure 3.3: Bathymetric histogram for the Northern lIrish dataset with
different bin sizes.
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The lack of multi-beam data for the zone from the coast to the 20m depth contour is
made obvious for Lough Swilly and prevents any direct comparison at these depths. This
lack of data is due to the local wave exposure that prevented the surveying boat (R/V
Celtic Voyager) from approaching the coast much further. Histograms for the topographic
datasets (not shown) were also produced but showed no spikes in the coastal area as their

lateral resolution precluded the identification of such features.

3.2.2 Building a marine terrace database

3.2.2.1 Identification

The extensive multi-beam survey provides a powerful means to detect offshore
relict shorelines; in particular, marine terraces which are defined here following Trenhaile
(2002) as “gently sloping [terrain] bounded on the landward side by a steeper ascending
slope, and on the seaward side by a steeper descending slope”. Such features detected by
visual inspection on the bathymetric data of the study area were classified and their
parameters recorded in order to build a database. These parameters were selected following
recent studies on the morphology of shore-platforms controlled by their lithology and local
environmental processes (Sunamura, 1992; Trenhaile, 1978; 1999; Thornton and
Stephenson, 2006; Dasgupta, 2010). The DEMs with higher resolutions (4m for Northern
Ireland part and 2m for the Republic of Ireland part) were systematically analysed using
the IVS Fledermaus 7 software. As a 3D visualisation software, it allows the change in the
lighting orientation in order to reveal relief with particular orientation. Similarly, the
vertical exageration can be modified to highlight the finer features.

The first step was the recognition of breaks of slope using the elevation profile tool
of the software where the slope gradient of the profile was above 10° (or below -10°). The
regions of seafloor then delimited in-between these were cross-referenced with backscatter
data on the ArcGIS 9 software to establish the nature of the substrate (figure 3.4). In
general, the terraces selected appeared as bare rock on the backscatter data but some were
covered, entirely or partially, with sheets of modern sandy sediments (areas with lower
backscatter). Where a rock terrace feature was identified, its dimensions, depth, and

gradient were recorded, along with the morphology of the delimiting breaks of slope above
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and below it, the lithology of the rock and the thickness of any modern sediments
associated with it.
Features, marine terraces and shore platforms will be mentioned intermittently from

now on and their meaning in this section is interchangeable.

Giant's Causeway

Shore Platform average depth (m)
2-5 [N 21-25
I 6- 10 26 - 30
I 11 -15 Bl 31-40
7 16-20 N 41 -60

Altitude (m) 0 100 200 400 Meters
550

-
0

Figure 3.4: Marine terraces features plotted according to their median depth for the
Causeway coast.
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The morphological parameters, displayed on figure 3.5 and table 3.2, recorded for

the terraces were:

58

the median depth measured to the nearest meter halfway across the width of the
feature,

the minimum depth measured to the nearest meter at the shallowest point (clift-
platform junction) by the break of slope,

the average width (perpendicular to the shoreline) measured to the nearest meter,
the maximum length (parallel the shoreline) measured to the nearest meter,

the angle of slope perpendicular to the shoreline was measured in order to classify
the terrace feature according to Sunamura (1992) in ramp like platforms of type A
(angle above 0.9°, figure 3.6) or sub-horizontal platform of type B (angle below
0.9°, figure 3.7),

the abruptness of the break of slope seaward of the terrace as appreciated visually
ranging from very smooth (several meters depth change over 100m distance) to
very sharp (several meters depth change over 10m distance),

the rugosity of the surface of the terrace as appreciated visually ranging from low to
high (figures 3.6 and 3.8),

the computed surface of the area delimited by the polygon created of the feature on

the ArcGIS 9 software.
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0 10 20 30 40 50 60 70 80 %0 100 110 120 130 140 150 160 170 180 190 200
Figure 3.5: Description of the main morphological parameters recorded in the database
with a presentation of the difference between terraces of type A and type B.
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Figure 3.6: Example of type A marine terrace with low

rugosity (2) and smooth break of slope
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Figure 3.7: Example of type B marine terrace with medium rugosity (3) and
sharp break of slope.
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A recognition confidence index (RCI) ranging from 1 to 5 was added for each
recognised feature to describe the confidence in the recognition process of a wave-cut
platform with 1 being of low confidence and 5 being of very high confidence. A small
comment was added when needed to explain the reasons of the lack of confidence which
was generally due to the local lithological and structural context. Indeed many basalt flows
have been identified visually due to their general morphologies and continuation from land
and these sometimes form platform features unrelated to wave action. Similarly, isolated
bedrock outcrops can have a flat top and have then been recorded here but with a RCI
depending on the local structural context.

The coastal profiles backing the recognised features were also recorded describing
whether these were located in a bay or off a headland, whether an active cliff with a
modern shore platform was present or whether beach deposits are present in the intertidal
zone.

Identification of the general lithology was only problematic where Palaeocene
basalt overlies Cretaceous chalk at varying elevations along the coast. In these instances,
lithology was identified with reference to borehole data (McCann, 1988) and offshore
geology map (Fyfe et al., 1993; Holland and Sanders, 2009). Lithology is one of the major
controls on the morphology of erosional features such as rock platforms due to their varied
resistance to weathering (Sunamura, 1992; Dasgupta, 2010). This study has consistently
divided the lithologies of the local area into three categories:

* Basalt of Tertiary origin present as the Northern Irish Basalt plateau,

* Sedimentary rocks of Carboniferous or Mesozoic age present in Northern Ireland
(that include the Ulster White Chalk formation),

e Metamorphic rocks of Precambrian age present in Donegal and to the east of the
Tow Valley Fault in Northern Ireland. In this category the igneous granodiorite of
Devonian age present in the Lough Swilly area was included.

Using the backscatter data, the nature of the substratum was recorded for each of
the features, in particular whether modern sediment was covering the feature as most
features were actually bare. The nature of this modern sediment coverage and its thickness
were added according to the maps created for the offshore BGS report for the area (Fyfe et
al., 1993).
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The entire dataset was compiled in a spatial database shapefile using the ArcGIS 9
software containing more than 500 features for the study area. This database could then be
used to create maps displaying the variation of one or many of these factors and the
database itself was exported to produce graphs on the evolution of these factors. The local
lithology was added to the ArcGIS file as a shapefile downloaded from the Geological
Survey of Ireland online repository. Due to projection issues, the coastline used to clip the
lithological shapefile differs to the one used to clip the topographic, bathymetric and
backscatter data. On the maps exported from ArcGIS, a black area is visible where the

topographic data below the lithological data appears.

3.2.2.2 Ground truthing dives

Limited diving ground truth of the recognised features was carried out in 2010 and
2011 by the CMA in collaboration with the National Facility for Scientific Diving (NFSD)
with funding from the National Environmental Research Council (NERC) (Quinn et al.,
2010, Westley, pers. comm.). These were located in Ballycastle Bay and Church Bay and
are used as a test of the recognition process described above and completed prior to the
dives. Figure 3.9 plots the location of the dives over the recognised marine terraces with a
colour code based on their recognition confidence index. The results are presented in table
Bl

This ground truthing survey showed a precise agreement with the recording process
in terms of the location, depth, lithology and the morphology of the identified features. It
has even added the location of cliff notches in between the recognised terraces (figure 4.5).
However, it also highlighted one of the shortcomings of the use of a 4m resolution DEM
for the identification of marine terraces. In places, a boulder field can be averaged into a
relatively smooth surface with virtual breaks of slope that could be interpreted as marine
terraces. Most of these more problematic areas had been pointed out using the recognition

confidence index but further testing using the 1m resolution DEM is clearly needed.
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Table 3.3: List of ground truthing dives showing their location , the RCI of the terrace

T"”"‘:e“ Location | RCI Underwater Observations Onshore Geology
BC_ 1 Submerged cliff between -11.7 to -
Western 8m which is fronted by boulder slope Site directly opposite modern chalk
Ballycastle 5 which itself leads to sand at c. - shore platforms and cliff.

Bay 15.5m. Small notch/ledge on the cliff | Immediately to the west, the chalk
face at -10.7m. Observation of dips and modern shoreline consists
geology/geomorphological features of a basalt headland
hindered by dense kelp

BC_2 Submerged cliff between -11.5 to - Site directly opposite modern chalk
Western 9m which is backed by a gradual shore platforms and cliff.
Ballycastle 5 slope up to 6m and fronted by a Immediately to the west of the site

Bay boulder slope at -13m. Observation is a fault in the chalk (Giant’s Cut)
of geology/wave-cut features that is visible onshore and also
hindered by dense kelp. offshore on the JIBS data.

BC 4 Submerged cliff face at c. 13-11m }
depth. Cliff appears to be chalk. |

Sample taken from the cliff face with Site situated directly opposite |

Western hammer: flint. Undercuts visible modern chalk shore platforms. The |

Ballycastle 5 along the cliff face, up to 0.5m high | cliff face backing these is covered |

Bay and appeared to be continuous to by a talus deposit, and hence
semi-continuous. Precise geology cannot be determined.
determination of their extent was
hindered by kelp growth.

BC_7 Submerged cliff is not obvious here, |
Western instead there is a series of small Site situated directly opposite |
Ballycastle 4.5 ridges which appear to be composed | modern chalk shore platforms ‘
Bay of chalk with flint outcrops. Samples backed by talus slope.
of chalk and flint taken with hammer |
BC_3 Submerged cliff at 22-20m depth
g;:;efh::l::::i::/t:r;obte %O::ﬁs;s' Site directly opposite modern chalk
Western areas appearing to be a véneer over shore platforms and cliff. To the
Ballycastle 5 Badrock. Samiplas from cllffindicate west of the site is a fault in the |
Bay SCLOCK =alTIDIes chalk (Giant’s Cut) that is visible |
chalk with flint. Kelp cover less |
i k onshore and also offshore on the |
dense, and it was possible to observe JIBS data |
that the cliff was undercut g |
extensively. |
BC_S Low submerged cliff at 22-20m depth : : . . |
Western fronted by boulders. Samples from site situated directlyjapposite
Ballycastle 5 the cliff indicate chalk with flint. Kelp modern chalk shore platforms. The
Ba | d d it i bl cliff face backing these is covered
% cover less dense, and it was possible
to observe that the cliff was Dyaataibs ancihenceigeciogy
cannot be determined.
undercut. |
BC 1 Submerged cliff between 13-11m . : "
Western depth. Kelp was cleared in order to Siteldirectlyjopposite m°de”‘ el
Ballycastle 5 facilitate observations of the cliffs shore platforms and cliff,
Ba S . 5 tting but i Immediately to the west, the chalk |
Y SRl e IR eEa il el di d modern shoreline consists ‘
ps an o
observation and photos hindered by
5. S of a basalt headland.
poor visibility.
BC_6 Gully cut into the platform. The cliff }
Western was not obvious in this area, . . = :
Ballycastle 4.5 however, the platforrp surface was \?«Iitt?\ ?T']r:g::nOC%ZT:';TE?;:;:SCQIKM ‘
Bay reported to have obvious undercuts 7 |
= water’s surface. |
and potentially wave-cut/water-
eroded channels/gullies.
BC_9 Submerged cliff with base at -13 to - Site situated directly opposite a
Western 14m, sand comes directly up to cliff gravel beach and talus. There is a
Ballycastle 4 base. Cliff is chalk (with flints) and dipping chalk cliff topped by basalt

Bay has undercuts, esp. at the top of the to the east and a modern chalk

cliff. platform to the west. |
BC_10 Eastern Bathymetry suggests 2 steps. Dive Boulder field |
Ballycastle | 3 and 4 indicates seabed is madg of bouldgrs |
Bay (larger than on shore) with no obvious
breaks in slope.
€B_1 Clear bedrock cliff/slope with a number | Onshore Geology seems to be basalt.
Southern of steps and notches. Samples taken =
Church 4.5 flint and chalk. Cliff was not sheer but

Bay rather a steepish incline. Base of cliff
was covered in sand. Occasional
boulder noted on slope.

CB_2 Notches observable from 16 to 10m Junction of chalk and basalt. ‘
Western depth on gently undulating sloping |
Church 5 platform. Boulder slope from 18 to |

Bay 16m depth. Sample at 16m depth was |

flint. [
CB_3 Western Bpulder slope which prevents oberva- Challf cliff wjth quite a few notches J
Chireh 4.5 tion of bedrock. No break of slope. running horizontally and a small |

Bay platform. To the east the chalk is

fronted by a boulder beach. |

targeted and their results (afier Quinn et al., 2010).
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Chapter 3 Datasets and methodologies

3.2.2.3 Correlation between parameters

Dasgupta (2010) reviews the various studies on the geological control on the
morphology of shore platform. As mentioned above, it is the main factor in the width of a
platform as its resistance to erosion or rock strength varies according to its components,
structure and process of formation. In particular, Sunamura's (1992) laboratory work
demonstrated that one of the main control on the angle of slope of a shore platform is its
lithology as sub-horizontal type B features are more likely to form in more resistant rocks.
Similarly Thornton and Stephenson (2006) concluded from their field study in Australia
that the mean platform elevation was significantly related to rock strength, measured by a
Schmidt hammer, but not significantly to width, angle of slope or the platform's location in
a bay or at a headland. Structural control on the morphology of shore platforms is also
clear from recent surveys in Wales and Sweden (Cruslock et al., 2010) but limited to the
meso-scale (cm-m) which is below the best resolution of the datasets. The meso-scale
structural control of the lithology, too difficult to recognise even at the dataset's maximum
resolution, was not recorded and the general lithology was used as a proxy for the rock
strength or the resistance of the rock to erosion. As the main objective of this study is to
relate platforms to a potential RSL signal, correlations between the general lithology of the
bedrock where the recorded features formed and its morphology were investigated.
Similarly, any correlation between the morphological and local parameters and the median
depth of the recorded terraces was investigated in light of recently established vertical
uncertainty for the level RSL corresponding to the formation of hard rock shore-platforms

(McKenna , 1990; McKenna et al., 1992).
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3.2.3 Accretional features

The potential for accretional coastal features such as beach barriers preserved on
the bathymetry was investigated following the morphological parameters described in
Woodroffe (2002). Elongated, shore parallel, elevated features located in areas of low
backscatter values are interpreted as beach barriers. Larger zones of low backscatter values
with a lenticular shape and located further away from the coast were recorded as sand bars.

The length, width, minimum and maximum depths of these features were also recorded.

3.3 Wave erosion modelling

Recent studies using a mathematical wave-erosion model have simulated the
development of rock shore platforms and examined their morphology in relation to
contrasting patterns of RSL change during the Holocene (Trenhaile, 2008; 2010). This
modelling approach was applied to simulate rocky shoreline development along the
northern coast of Ireland. The model was driven using the range of recent postglacial RSL
change scenarios presented in Chapter 2 and simulated the erosional effects on rocks of
varying resistance. Simulated and measured profiles were then compared for 6 selected
representative profiles of 6 more specific area with varying RSL curves to elucidate the
formation of observed coastal features.

Wave erosion on hard rock coasts is accomplished mainly by the dislodgement and
removal of joint blocks and other rock fragments, usually by broken waves (Trenhaile,
1987, Swantesson et al., 2006; Trenhaile and Kanyaya, 2007; Stephenson and Naylor,
2011). The processes responsible for wave quarrying, such as water hammer (impact) and
the wave-induced compression of pockets of air in rock crevices, operate at or close to the
water surface, which migrates up and down the foreshore with the tides and with changes
in RSL. The evolution and profile development of a rock coast through mechanical wave
erosion therefore reflects the amount of erosion accomplished at each elevation according
to the resistance of the rock, the wave regime, the effect of submarine topography on rates
of wave attenuation, and the amount of time that the waves have operated at each level
(Trenhaile, 2000).

These processes were simulated using a wave erosion model that was developed for
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rocky coasts and has been used to elucidate their morphological evolution at various
locations around the world (see Trenhaile, 2000; 2010). The model, which employs basic
wave equations to determine rates of profile backwearing (erosion in the horizontal plane)
at the water surface, has been described in detail in Trenhaile (2000 and 2001).

In brief, the mechanical wave erosion by direct wave impact is represented by an

excess surf stress expression (1):
Euw=N.Ku SF-SF,) (1)

where: Ey is the recession (m.yr') accomplished by a single wave type at a single
intertidal elevation each year; N, is the number of waves of that type at that intertidal level
each year (based on wave period, frequency and tidal duration, the latter being the annual
total number of hours the tide occupies a given elevation); K, is a wave erosion calibration
coefficient that converts excess surf stress to the rate of cliff or platform recession; SF is
the stress (Pa) exerted by the surf at the bluff foot, and SF., is the threshold (critical) surf
stress (Pa), required to initiate erosion by wave impact.

The surf stress (SF) was calculated in the model using (2):
SF=[0.5y(Hy/0.78)e ***] (2)
where: 7y is the specific weight of water (about 1025 kg.m * for seawater); H, is the mean
breaker wave height (m), x is a dimensionless surf attenuation constant representing the
roughness of the bottom; and Sw is the width of the surf zone. As in previous studies, a
value of y = 0.01 was used to represent surf attenuation over fairly even bottoms (see
Trenhaile, 2000; 2001).

A decay function (3) is used to represent slow rates of submarine erosion (E,):
E.=E, .e" (3)
where: E, is the erosion at the waterline; s (m ') is a depth decay constant (set to 1 in the
runs performed here); and h is the water depth (m).

The model is driven using modern average wave climate and tidal regime (tables
2.1 and 2.2 respectively using data from the Marine Institute: www.marine.ie; and the
British Oceanographic Data Centre: www.bodc.ac.uk), with the tidal duration distribution
for a given height calculated as outlined in Smart and Hale (1987). Model runs commence
at 16,000 BP broadly equating to the time when the coast was first generally free of ice
(section 2.2). In the absence of precise local RSL data for this period (Carter, 1982; Brooks

and Edwards, 2006), a range of RSL scenarios derived from glacial rebound modelling
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were used (section 2.4.3 and figure 3.10). Whilst all the RSL curves show similar overall
patterns, including differential east—west isostatic rebound, and an inflection at 14,000 BP
related to Meltwater pulse 1a, they differ in the rate of RSL change as well as the duration
and magnitude of RSL high or lowstands. Full details of the glacial rebound models and
their development are available in Brooks et al. (2008) (hereafter the ‘Brooks model’),
Bradley et al. (2011) (hereafter the ‘Bradley model’), and Kuchar et al. (2012) (hereafter
the ‘Hub-Min’ and ‘Hub-Max’ models). Threshold rock resistance values (SF) are varied
between 100 and 1100 to simulate contrasting ‘hard’ and ‘soft’ lithologies following
Trenhaile, (2000 and 2001). Whilst other wave, tide or RSL scenarios are possible, the
values used here are sufficient to provide a first order assessment of shore-profile

development in the region.

. Bradley et al. (2011) 15 Brooks et al. (2008)
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Figure 3.10: Simulated relative sea-level (RSL) curves for the 3 study areas generated by
the glacial rebound models of Bradley (Bradley et al., 2011); Brooks (Brooks et al.,
2008); Hub-Min and Hub-Max (Kuchar et al., 2012).
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The amount of erosion accomplished by wave quarrying in the intertidal zone is
calculated from Eq. (1) at the end of each 5-year iteration. Calculations are made at five
elevations representing mean high water spring (MHWS), mean high water neap
(MHWN), mid-tide (MT), mean low water neap (MLWN), and mean low water spring
(MLWS) tidal levels. The amount of submarine erosion is determined using Eq. (3) at 0.5
m vertical intervals extending from the MHWN tidal level to a depth equal to half the
wavelength of the waves.

Initial model runs are made on virgin, linear slopes, generally with gradients of
2.5°, 5% or 35°. To examine the effect of inheritance, additional runs are made on profiles
that initially comprise two linear slope elements: a gentl<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>