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Abstract

This study uses a multidisciplinary approach to elucidate the formation and evolution of a large
coastal sand barrier complex in South Wales during the Holocene. Foraminifera, pollen, and

seophysical evidence is used to interpret the geometry, lithology and stratigraphical relationships
between deposits within the back-barrier area. Heavy mineral analysis and XRDA provide

information on potential sediment sources.

Geophysical surveys show that the western portion of the barrier at Pendine Sands rests on a
ridge of Pleistocene glacigenic sediment. This study shows that the barrier formed during the

early Holocene (ca. 8,000 to 7,000 years BP) in response to the drowning of the antecedent
topography by rapidly rising relative sea-levels; lithostratigraphic and biostrati graphic evidence

from cores recovered within the back-barrier area show that the high energy surf zone did not
overstep the gravel ridge and rework the fossil cliffline behind the western portion of the barrier.
Sediment reworked from glaci-fluvio deposits in Carmarthen Bay was supplied to the prograding
dune system by strong westerly and southwesterly winds and longshore drift. Between ca. 6,200
and 5,700 years BP and between ca. 4,500 and 3,500 years BP the barrier underwent two phases
of long-term stability. These periods of barrier progradation and stabilisation were punctuated

by relatively short phases of erosion, instability and barrier breakdown. Periods of barrier
stability were probably triggered by regressive phases in relative sea-level change, which
promoted spit development, whereas the intervening instability and breakdown was probably

caused by an increase in storm frequency.

The response of this system to increased storm activity was primarily controlled by local
topographic and sedimentological factors. The ridge beneath the western portion of the barrier
prevented the total breakdown and or landward migration of the barrier dunes. Consequently,
the back-barrier sediments deposited behind the barrier were preserved whereas the tidal inlet
sequences east of the gravel ridge were reworked by wave action and tidal scour. Reclamation
of the back-barrier area during the 17th and 19th centuries has had a significant effect on the
configuration of the coastline at Pendine Sands. The construction of seawall defences stabilised
the barrier dunes and promoted rapid accretion along the seaward side of the barrier dunes and
at the distal end of the spit. The large expanse of sandflats which are exposed in Carmarthen Bay
at low tide, and the frequency of strong westerly and southwesterly winds, were critical factors
in the formation and development of the barrier dunes at Pendine Sands.

The significance of antecedent topography indicates that the formation and evolution of this
particular barrier should not be considered as typical of regional barrier development.
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Chapter 1 Introduction

Chapter 1

Introduction

Diverse and complex natural processes continually modify the world’s coastlines which are
consequently in a permanent state of flux. The scale of coastal change may range from
microscopic biological, chemical or physical processes affecting individual grains of sand to

global changes in relative sea-level. During the Late Devensian the mass wastage of the terrestrial

ice sheets caused the world’s oceans to transgress the continental shelves, inundating former
glacial and river valleys. The rate of relative sea-level rise and the response of certain areas of
coastline to the removal of terrestrial ice sheets depended upon their proximity to the former ice
masses and the availability of sediment to supply and maintain coastal systems. Human activity

during the last few hundred years has added a further dimension to coastal change by modifying

and disturbing coastal environments and the natural processes of change.

Studies into the long-term behaviour and response of coastal systems to these natural processes
are the key to predicting future coastal changes and providing the understanding necessary to

resolve the coastal crisis. Models describing long- (10° years) and short-term (10° years) coastal

evolution should be used to devise and construct management policies which aim to the control
the increasing demands exerted on the coastal resource; the latter requires an understanding of

contemporary processes and analysis of the Holocene stratigraphic record.

1.1 Aims and objectives

The Pendine and Laugharne Burrows, situated on the north coast of Carmarthen Bay in SW
Wales (Figure 1.1), form an extensive barrier complex which covers an area of approximately 20
km? The aim of this multidisciplinary study is to investigate the formation and evolution of this
large coastal sand barrier complex in response to relative sea-level rise and differential sediment

supply during the Holocene. This feature is one of the largest barrier complexes in western

Britain, and unlike the majority of the barriers in the Gulf of Mexico and on the eastern seaboard
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Chapter 1 Introduction

of the USA, it formed and developed in a macro- rather than micro-tidal environment. Previously
established hypotheses of barrier genesis, evolution and development will be tested against the

hypotheses produced in this study; the latter will be used to establish whether or not this feature

formed and developed in response to regional processes or was controlled primarily by local
phenomena. To achieve these aims biostratigraphic and lithostratigraphic evidence, obtained

from boreholes drilled into the back-barrier area, will be used to establish facies changes within
the system which will be constrained by radiocarbon dating of organic levels and correlated by

using laboratory induced magnetic measurements. Heavy and clay mineral analysis will be used
to determine sediment provenance, and geophysical data will be used to establish the antecedent
topography upon which this feature rests. Knowledge of pre-transgressive surfaces are necessary

as coastal barrier evolution is often intimately tied to the surfaces upon which these systems form

and subsequently migrate.

1.2 Site description and recent history

Carmarthen Bay is a shallow embayment bound by rocky clifflines which is believed to have

formed by the erosion of relatively soft shales within the Millstone Grit and Coal Measure series

(Strahan, 1909). The area contains considerable quantities of glacigenic material which has been

reworked to form abundant sandwaves offshore and numerous near-shore bars and intertidal

sandbanks (Jago, 1974, 1980).

1.2.1 The barrier complex

The barrier complex extends a distance of 10 km from Gilman Point near Pendine to the
confluence of the rivers Taf, Towy and Gwendraeth (Figure 1.2). This feature extends across the
lower reaches of the Taf Estuary and the barrier dunes form the landward portion of extensive
sandflat deposits which are exposed within Carmarthen Bay at low tide. The barrier is attached
to a steep cliffline at Gilman Point which runs behind the barrier system from Pendine to Sir
John’s Hill (Figure 1.3a). This fossil cliffline, cut into Devonian Old Red Sandstone and the
Carboniferous Limestone promontory at Coygan, is though to represent the coastline prior to the

formation of the barrier. Savigear (1953) indicate that, as the slope of the cliffs increases
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Figure 1.3a Fossil cliffline from Pendine to Coygan.

Figure 1.3b Steep eroded fossil cliffline between Coygan and Laugharne.



Figure 1.4a Low irregular dune at the back of the Laugharne Burrows.

Figure 1.4b Shore-parallel beach/dune ridges along the front of the burrows.
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progressively from Pendine to Laugharne, the barrier probably formed through the longshore

development of the dunes and foreshore.

Pathways and roads cut into the fossil cliffline west of Coygan show that brick red Pleistocene
till has been pushed up and smeared against this portion of the fossil cliffline; these deposits are
similar to the ridge of moraine within the Taf Estuary known as Blackscar (Figure 1.2). The latter

1s believed to represent a slight readvance during the retreat of Central Welsh ice during the Late

Devensian (Griffiths, 1939). In contrast the cliffs to the east of Coygan are far steeper and

contain numerous caves infilled with coarse gravel and sand (Figure 1.3b). The absence of

similar features west of Coygan suggests that this portion of the fossil cliffline was not subject

to significant erosion prior to the formation of the coastal barrier.

The Wytchet brook dissects the barrier forming the boundary between West and East Marshes
and the Pendine and Laugharne Burrows (Figure 1.2). The dunes at the back of the burrows are
relatively low and exhibit no clear orientation, suggesting that this portion of the barrier was
periodically breached and therefore experienced washover and blowout events (Figure 1.4a). In

contrast the fore- dunes are composed of a series of low shore-parallel beach ridges which
prograde seawards (Figure 1.4b). During barrier development the back-barrier area would have
been dominated by an expansive saltmarsh-tidal creek complex. Tidal inlets similar to Wytchet

inlet generally exhibit little or no down drift migration, in response to sediment accretion and

sediment by-passing, and are more stable than inlets in wave dominated environments.

Documentary references indicates that West Marsh was under pasture prior to the construction
of any sea walls and that the evolution of the marsh for agricultural purposes was an eastward
moving phenomenon (James, 1991). The back-barrier marshes now form a relatively flat area
which was first reclaimed during the 17th century by the construction of embankments across the
Wytchet inlet and from the fossil cliffline at the foot of Sir John's Hill to the Laugharne Burrows
(Curtis, 1880; James, 1991). A second embankment referred to as “The Freathing’ sea-wall, was

constructed between 1800 and 1810 to reclaim Upper and Lower Marsh (Figure 1.2). Prior to the

construction of the dam across Wytchet in the late 19th century this inlet was still open to the sea

and West Marsh and East Marsh were periodically inundated by the tide (James, 1991).
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The marine chart for 1800 AD shows no dunes east of Wytchet but name the Laugharne Burrows.
Cantrill (1909) records the findings of early Iron Age or late Stone Age shell mounds in the
Laugharne Burrows. The preservation of these findings suggest that the dunes have not been

completely broken down and reworked since that period and that the barrier was sufficiently

developed and stable over 2,000 years ago to protect the inhabitants from strong westerly-

southwesterly storms. Although, marine charts may be better tools for reconstructing the position

of former coastlines, schematic representations of coastal features are often misleading. Care

should be taken when using different types of cartographic evidence to reconstruct the
configuration of former coastlines. Cartographic evidence shows that the reclamation of the

back-barrier area stabilised the barrier system and has promoted the futher development of this

feature (James, 1991).

The Pendine and Laugharne Burrows were taken over by the Ministry of Defence during the

Second World War and have since been used as an experimental and test establishment. During

the early 1970s the MOD stabilised the dunes at Ginst Point in order to prevent the rapid erosion
and possible breaching of the barrier. This has subsequently promoted the longshore
development of the distal end of the spit which now extends further across the mouth the Taf

Estuary towards Wharley Point. Ordnance survey maps for 1907 (Figure 1.5a) indicate that the
saltmarsh adjacent to the sea wall which encloses Upper and Lower Marsh developed within the

last eighty or so years (Figure 1.5b)

1.2.2 The Taf Estuary

The River Taf drains into a macro-tidal estuary which is currently being infilled with well sorted
sand transported up-estuary as a result of tidal asymmetry (Jago, 1980). Although the inner
estuary and barrier complex form part of the same sedimentary dispersal system they may be

divided on the basis of their physiography and hydrodynamics. The estuary is 8 km in length and

less than 1.5 km wide at its mouth; although the cross-sectional area increases towards the mouth

Jago (1980) suggests that an equilibrium between erosion and accretion has not yet been attained.

The estuary contains a number of physiographic sub-environments which may be differentiated

by sediment type, vegetation cover, surface and sub-surface fauna and currents (Jago, 1980). At
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low tide the estuary appears like an intertidal flat with saltmarshes and mudflats fringing low
lying sandbanks which are dissected by a complex pattern of shallow drainage channels.

Although the position of the main channels remain relatively stable the orientation and position

of the smaller channels depends upon the magnitude of river discharge. These channels migrate

across the sandflats often causing the erosion of mudflats and saltmarshes which extend into the

main channel.

Spartina townsendii, allegedly introduced into the area by an East Marsh farmer during the 1920s

(Jago, 1974), dominates the more recent low lying saltmarshes and upper mudflats within the
estuary. The more established high marshes are inhabited by well developed floras which may

include Glyceria maritima, Armeria marctima, Festuca rubra, Aster tripolium, Atriplex and
Halomione portulacoides. The saltmarshes are dissected by a hierarchy of self perpetuating
creeks which drain sinuously onto the sandflats in the centre of the estuary. Changes in marsh

elevation and vegetational composition indicate progressive stages of saltmarsh accretion and

development which may relate to the position of the main channel.

The morphology and development of the contemporary saltmarshes within the Taf Estuary

highlight the complex patterns of sedimentation within this system. It is likely that the position

and size of the tidal inlets, the back-barrier drainage channels and marsh creeks significantly

influenced back-barrier sedimentary facies development. Knowing the distribution and inter-
relationships between physiographic sub-environments within the contemporary estuary will

prove critical when developing models which aim to describe back-barrier facies development.

1.3 Relative sea-level rise and contemporary dynamics

The British Isles have experienced a complex pattern of relative sea-level rise during the
Holocene. Variations in glacial-isostasy, glacial-eustasy and tectono-eustasy have resulted in
different areas experiencing differing rates and patterns of relative sea-level rise. South Wales
Is an area located within close proximity to the maximum limit of ice advance during the Late
Devensian. Sea-level studies indicate that reconstructions of relative sea-level rise within the
Bristol Channel during the Holocene are further complicated by the wide continental shelf, the
crenulate coastline, by convoluted changes in the position and strength of amphidromes and by
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Chapter 1 Introduction

models are not exclusive and that the mutually evasive sediment transport mechanism may

operate mainly in sand choked estuaries.

1.3.2 Pendine Sands

Carmarthen Bay is open to southwesterly storms and oceanic swell which may have travelled
over 5,000 miles across the Atlantic. Jago and Hardisty (1984) suggest that the energy loss as

waves sweep across the shallow bay prevents the majority of large waves from reaching the

shoreline. They predicted that for the waves that approach from 203°, 4s waves will be reduced

by 50% and 10s waves will be reduced by 70% as they shoal from the 40m to Sm isobaths off the

eastern end of the barrier. During extreme spring tides the tidal range on the Pendine sands
approaches 10.0 metres and surface currents reach 1.0 m/s in the middle of the bay. Jago and
Hardisty (1984) suggest that the beach profile is self-stabilising in the short term, and periodic
levelling shows that the beach is in long-term equilibrium with the prevailing conditions. The

barrier shoreface does however exhibit significant dynamic response to changing tides and waves.

As the tide ebbs, wave generated stresses on the shoreface decrease. Consequently there is an
overall seaward-fining of the intertidal sand texture. Jago and Hardisty (1984) conclude that tide-
and storm-induced modification of the near-shore flow regimes produces a distinctive array of

shore-normal sedimentary facies, which are more laterally extensive than comparable micro-tidal

sequences.

1.3.3 The Taf Estuary

The Taf Estuary is characterised by a well established tidal asymmetry so that maximum currents
during spring tides are 3-4 times greater in the estuary than in Carmarthen Bay (Jago, 1980). The
accumulation of sand within the estuary has generated an elevated profile which delays the tide
from entering the estuary. By the time the sea enters the estuary the tide is well advanced in the
bay causing maximum currents to occur as the sea enters the estuary and just prior to its
withdrawal (Jago, 1974, 1980). The tidal asymmetry within the Taf is exaggerated because the

tide is forced to rise two metres when entering the estuary.
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The Taf is presently being infilled and levelled transects within the estuary indicate that between

1968 and 1978 there was a net rise in the volume of sand within the estuary (Jago, 1980). The

texture mineralogy and composition of these sands is almost identical to those in Carmarthen

Bay. Jago suggests that southwesterly storms push material from the bay to the mouth of the

estuary reinforcing the tidal asymmetry which in turn pumps sediment into the estuary.

The predominant sedimentological trend is depositional in the north western portion of

Carmarthen Bay with the progressive movement of sediment into the estuaries (Jago, 1980; Jago

and Hardisty, 1984). Comparison of foreshore and estuarine sands indicates that sands stripped

from the foreshore are not simply deposited within the Taf Estuary; the selection of sand for

deposition within the estuary occurs offshore in Carmarthen Bay and is probably controlled by

both tidal and wave action.
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Chapter 2
Sea-level change and barrier formation/development

2.1 Sea-level change

2.1.1 Historical development of sea-level studies

Early observations of land/sea-level change were not exclusively confined to Europe in the late

17th century. For instance, the phenomenon of raised shorelines and changing sea-levels have

been investigated by the Chinese for some 2200 years and non-literate societies have noted

changing land levels and associated shorelines. As these societies were dependent upon harmony

with nature for their survival, they must have been aware of the affect of shoreline changes upon
the location of food resources (Devoy, 1987). The implications of continued sea-level rise are

no less important today. The anthropogenic input of greenhouse gases such as carbon dioxide,

methane, nitrous oxide and chloroflurocarbons, are expected to cause a substantial global
warming, which may result in the global mean sea-level rising due to the thermal expansion of
the oceans and the melting of terrestrial ice. Accurate prediction of future sea-level change is

paramount in developing coastal management strategies to predict changes in low lying regions

which may be inundated by a small rise in eustatic sea-level.

However, to predict future sea-level variations one must first be able to understand past sea-level
changes and estimate future variations in climate, which would ultimately control future sea-level

changes. Furthermore, the nature of the rise in sea-level during the Holocene is of significant
Importance since this controls sedimentation and therefore influences the manner in which coastal

environments such as estuaries and barrier complexes evolve.

During the last thirty years or so there has been an increase in the number of detailed studies
investigating sea-level change during the Holocene, and with these a number of different schools

of thought have emerged, resulting in often fierce debates.
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2.1.2 The sea-level debate and approaches to sea-level studies

In western scientific literature the fundamental concepts of sea-level studies covering glacio-

eustasy and glacio-isostasy were developed in the nineteenth century. McLaren is regarded
widely as a founder of ideas regarding the exchange of water masses between the land and ocean,

through the build up and decay of ice sheets, indicating that this is the controlling factor in sea-
level fall and rise. In 1842, McLaren, noting the publication Agassiz's new and controversial

book on the glacial theory two years earlier, wrote "if we suppose the region from the 35 parallel

to the North Pole to be invested with a coat of ice thick enough to reach the summit of Jura... it

is evident that the abstraction of such a quantity of water from the ocean would immediately

affect its depth".

In 1888 Suess introduced the term eustasy; however, he interpreted the origin of eustatic changes
in the formation of ocean basins and in the infill of sediments and referred to them as tectono-
eustasy and sediment-eustasy respectively, rather than glacio-eustasy (Morner, 1987). By the end

of the 19th century the main models for explaining absolute sea-level changes included glacial-

custasy, tectono-eustasy and the mass attraction of water masses. Not until the work carried out
by Daly in 1910 and 1925, on the glacial control on coral reef development, did the glacio-

eustatic concept gain wider acknowledgement (Mérner, 1987).

In 1934 Daly published a book entitled ‘The Changing World of the Ice Ages', in which he stated
that surficial redistribution of both ice and water loads involved immediate crustal elastic
responses, as well as deep seated plastic deformation and mass transfer. His work formalised
many of the concepts of earth rheology, ice marginal crustal forebulge, geoidal changes and ice-

water surface gravitational attraction, that have become influential in sea-level/shoreline thinking
since 1970 (Devoy, 1987).

The advent of the radiocarbon method, of age determination, by Libby in the early 1950s
facilitated greater detail in the study of Late Quaternary sea-levels (post 20,000 BP). The
application of such techniques led to an intensified search for the Holy Grail, the identification
of a single universally valid sea-level curve, a eustatic curve (Devoy, 1987). Attention focused
on establishing the form and pattern of Holocene eustatic sea-level recovery. During the late

1950s and early 1960s a number of significant papers were published, highlighting both the

10
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worldwide interest in the phenomenon of sea-level change and the assumption that since the

oceans are interconnected, the change in ocean-level would follow a universal pattern (Kidson,
1986).

Three contrasting schools of thought emerged during the search for a single global eustatic sea-
level curve for the Holocene period. The first group supported an oscillatory pattern of global
sea-level recovery, showing sea-level rising rapidly to a high point above present levels during
the expected thermal maximum, the Hypsithermal, reaching some +3 meters above the present-
sea-level (PSL) by 5000 BP (Fairbridge, 1961). Fairbridge argued that the post-glacial rise of the
sea was spasmodic and included regressive as well as transgressive phases. He further suggested

that since approximately S000 years BP sea-level has experienced a number of stands at heights
up to 3.7 meters above PSL, and that sea-level has therefore oscillated in the later Holocene with
an amplitude of 6 meters around its present position (Kidson, 1986; Devoy, 1987). This concept
of higher than present sea-level grew from Daly's work in the 1920's and 1930's, where coral
terraces in the Indian and Pacific, interpreted as Mid-Holocene in age, are apparently elevated
some six meters above PSL. Daly postulated that these terraces formed during the Hypsithermal,

where through increased ice melt and thermal expansion of the ocean water, global sea-levels

were higher, and the subsequent fall in sea-level occurred as a result of cooling (Devoy, 1987).

The second group favoured the concept of a standing sea-level after 3600 BP, with the global sea-
level shown as rising to its present position between 5000 and 3600 years BP (McFarlan, 1961;

Coleman and Smith, 1964). Data in support of this view came predominately from the Gulf coast

of the USA which has been subject to long-term subsidence during the Holocene.

The third group found no evidence of past sea-levels rising above present levels. Shepard (1963)
indicated that there was general agreement on the nature of sea-level change in the late glacial,
but that in the later post-glacial this agreement broke down. Shepard argued that in this later
period the rise in sea-level was a continuous one, at a rate diminishing in time but going onto the
present day. However, he did not entirely rule out the possibility of a slightly higher than present
late Holocene level, but considered it to be unproven and drew attention to the fact that all
Fairbridge's evidence for such higher levels came from Australia, in his own words an enigma
(Kidson, 1986). Initial data supporting a smooth exponential decay curve came predominately

from low lying, long term depositional coastlines, based largely on biostratigraphic data.

11
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There followed a sequence of papers from around the world which showed a broad division into
either the Fairbridge or Shepard schools of thought, and the resulting curves are summarised by
Kidson (1986), and can be seen in figure 2.1. The large number of time depth diagrams or sea-

level curves were constructed during the 1970s reflect the wide differences in approach to sea-

level studies.

This period of growth and debate in studying sea-level surface movements culminated in the

International Geological Correlation Programme (IGCP) Project 61, Sea-level movements during
the Last Deglacial Hemicycle (15,000 years), which ran from 1974 to 1982. Project 61 initially
set about producing an Atlas of Sea-level Curves (Bloom, 1977); attempts to compare curves

from different parts of the world emphasised their differences, rather than their similarities which
might have been expected from a world wide eustatic event (Kidson, 1986). This served to
underline the growing awareness of many researchers during the project that sea-level variations
are modified by many local, regional and global factors (Mémer, 1987). Furthermore, spatially
uniform changes in sea-level, as characterised by a single global eustatic curve, represent an

unrealistic response of the earths crust to water-mass transfers, and no point on the earth surface

can be regarded as having provided a stable datum for recording eustatic sea-level (Devoy, 1987).

Bloom (1977) gave a critical assessment of five published eastern US submergence curves and,
In proposing the use of sea-level records to test the theory of isostasy, emphasized the
significance of mass transfer between oceans and glaciated regions during the glacial-interglacial

cycles. Bloom (1977) found that "the postglacial submergence histories of five eastern United
States coastal sites support the hypothesis that the load of water added to the continental margins
by post-glacial rise of sea-level has been sufficient to isostatically deform coastal areas in

proportion to the average depth of water in the vicinity. It is therefore reasonable to hypothesize
that the entire ocean floor could deform in response to changes of sea-level of the magnitude of

the glacial-interglacial cycle".

Clark et al. (1978) proposed a number of numerical models based on a spherical viscoelastic earth
with varying layered structures, and on different assumptions regarding the rate of northern
hemisphere ice melt. These models indicated that the relationship between eustatic change and

Isostatic adjustment is far more complex than generally assumed. They also confirmed the
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demise of the concept of a world wide eustatic response, and underlined the belief that no part

of the earth's crust can be considered as being stable.

Tooley (1987) suggests that the lack of concurrence in data results partly from the failure to
employ a unified methodology and an homogenous data base, making correlation of events at best
elusive, and at worst erroneous and misleading. This lack of agreement is not solely due to

methodology, and fundamental problems remain with understanding the nature of the sea-level

itself (Devoy, 1987).

Opinions regarding the nature of sea-level change during the Holocene deglacial have proliferated

with studies generating greater volumes of reliable data which can be used to support each of the
schools of thought. The debate between the smooth or oscillatory patterns of sea-level recovery

is today less pronounced due the recognition of various local factors that are only really of local

significance.

The aims of IGCP Project 200, which marked the end of Project 61, were to identify and quantify
the process of sea level change by producing detailed local histories that can be analysed and
correlated for tectonic, climatic, tidal and oceanographic fluctuations. The ultimate purpose was
to provide a basis for predicting near future changes in sea-level, for applications to a variety of
coastal problems, with particular reference to densely populated low lying coastal areas (Shennan,
1989a). To achieve these aims three main lines of approach were adopted. First, the collection,
analysis and correlation of new and existing sea-level data, both from areas deficient in data and
from key areas, to provide diagnostic evidence, for the evaluation of assumptions underlying any
models developed. Second, to acquire data from coastal and shelf deposits to provide valuable
information on resource exploitation, coastal land use planning, subsidence, reclamation,
aquaculture and ecological studies. Third, to analyse tide-gauge records and model other short
term sea-level fluctuations, such as changes in tidal range, storm surges and tsunami, using

computer simulation techniques controlled by reliable and accurate sea-level data (Shennan,
1989a).

Over the last thirty or so years the attitudes towards sea-level change, methodology and
approaches employed in such studies have changed, reflecting intensive strategic research. The

progression of IGCP Project 61 saw the abolition of the global sea-level curve, recognising that
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Chapter2 Sea-level change and barrier formation/development

local factors play an important role in altering the recorded nature of sea-level change, producing
relative sea-level as opposed to absolute responses. Regional variations in response to
deglaciation due to variable factors such as glacio-isostasy, hydro-isostasy, glacio-eustasy,

geoidal-eustasy result in recent sea-level studies concentrating on the generation of detailed local

histories which can be correlated with other local studies to asses and infer regional sea-level

changes.

2.1.2 Sea-level methodology and inaccuracy

In the correlation of sea-level data from numerous detailed sea-level studies it would be desirable
to have a generally accepted methodology of applied sea-level work in order to generate a
rigorously tested and refined sea-level data base, upon which subsequent analysis can be based

(Tooley, 1992). Tooley suggests that three criteria should be used to select sea-level index points

used 1n the construction of age-altitude graphs.

First, index points should come from a small homogenous area, so that the effects of tidal
inequalities, earth movements and variations in the geoid configuration are minimised. Second,

sea-level index points should come from similar palacoenvironments and have the same
indicative meaning i.e. each index point should be obtained from material, deposited in situ over
a very narrow vertical range, which can be related to palaeco-water depth. For instance, in
temperate coastal lowlands samples of monocotyledonous turfa or limus with pollen or seeds of

salt marsh taxa and epiphytic diatoms of marine or brackish water preference provide ideal |
material for sea-level index points (Tooley, 1992). Second, sea-level variates should be assigned
an altitudinal error band which includes, for instance, levelliﬁg errors and errors due to
consolidation. Third, radiocarbon dates should be capable of independent corroboration, achieved
where standard regional pollen diagrams are available. All samples should be dated at the same
laboratory, several dates should be obtained from the same core, and all radiocarbon dates should

be displayed with two standard deviations.

In figure 2.2 taken from Shennan (1983), one can see three possible routes to take in the analysis
of past sea-levels. Route 1, local sea-level analysis is the simplest option, which is no more than

the development of a local sea-level curve or chronology and an estimate of data collection and

14
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interpretation errors. This route may represent how existing sea-level studies may be developed

if relevant information is available for each sea-level index point. Shennan et al.(1983) have
shown that when the tendency of each sea-level index point can be evaluated, a chronology of
periods of positive and negative tendencies in sea-level can be developed for each area. Route

2 proposed by Shennan (1983) allows the analysis of regional sea-level tendency, identifying data
which may disagree with proposed models of regional sea-level change. Route 3, analysis of

crustal movements is designed to estimate isostactic rates for the whole region and isolate the

eustatic component within relative sea-level rise.

Shennan et al. (1983) suggest that the use of the terms transgression and regression have been a
major cause of misinterpretation in the correlation of sea-level index points used to produce a
global eustatic sea-level curve, as attempted by IGCP Project 61. Shennan (1983) explains that
the terms transgressive overlap and regressive overlap should be used as lithostratigraphic
descriptive terms in which no process, such as sea-level rise or fall, is implied. These terms
would only describe a change in sediment type and should not be used in interpreting the cause
of such changes (Van der Plassche, 1986). The processes involved in the development of coastal
stratigraphic sequences are dependent on the position and rate of sea-level change, and these
sequences contain evidence of tendencies in sea-level. Shennan defines a positive and negative

tendency in sea-level movement as an apparent increase or decrease of marine influence.

Shennan et al. (1983) concluded that tendencies in sea-level and their application permit
meaningful correlations between rising and subsiding areas, and introduce objectivity in
correlation schemes showing transgressive sequences. Positive and negative tendencies of sea-
level movement can be established, and although the sea-level index points are site specific,
indicators from many sites within an area show a general tendency of sea-level movement, and
this is the basis for wider geographical correlations (Tooley, 1992). Whether a positive or
negative tendency in sea-level movement can be shown to actually indicate a rise or fall in sea

level is a further step in the analytical process (Van der Plassche, 1986).

As previously indicated it is quite clear from the literature that smooth and spasmodic schools of
thought (Fairbridge, 1961; Shepard, 1963) still remain; however, researchers now agree that the

limitations of present techniques and the possibility of in-built errors mean that the construction

of sea-level curves, whether smooth or irregular, has been attempted in the past with too much
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confidence (Kidson, 1986). The standard methodologies has facilitated the generation of a sea-
level data base which contain some 915 dated sea-level index points from sites around the UK
(Shennan, 1987, 1989b). This data base has enabled researchers to construct regional sea-level

curves and evaluate Holocene crustal movements within the UK (Shennan, 1989b).

However, sea-level researches have realised that lines joining sea-level index points gives a false
sense of accuracy (Kidson, 1982; Heyworth and Kidson, 1982; Kidson, 1986). Error terms built

into many sea-level curves have been inadequate, and many sea-level indicators used in the
construction of such curves have only a crude, tenuous relationship to sea-level. Heyworth and
Kidson (1982) have argued that the wide range of potential sources of error and the possible

cumulative significance of these would reduce the value of a good deal of published data. Kidson
(1986) suggested that even before attempts are made to derive eustatic changes from a relative
sea-level curve, by correcting for isostatic and tectonic deformation, a wide range of other
potential errors must be accounted for. Such errors may arise from the choice of datum, altitude
of sample correction points, age determinations and so on, all of which vary and may be critically

important.

Careful levelling of a sample point at or near to the surface, from a bench mark on solid rock,

should introduce an error of no more than = 1 cm (Heyworth and Kidson, 1982). However, many
coastal sites are a considerable distance from such bench marks, and bench marks resting on
substantial thicknesses of estuarine clays are not always at their original height, due to the varying

affects of compaction and consolidation. Greater errors are generated in deep bore-holes, where
errors introduced by drilling, sampling and measuring procedures make it difficult to ascertain
the exact depth from which a sample has come. In general offshore boreholes have the greatest

source of levelling error and, since many of the oldest sea-level dates come from such sites, this

may explain the large discrepancies in altitudes of some of these samples (Heyworth and Kidson,
1982).

As Holocene sea-level studies require an accuracy of a few decimeters it is essential to begin with
precision in the Datum to which sea-level data is related. Although this is particularly important
when, for instance, sea-level data within a region is to be compared, many authors ignore the

problem simply referring to present sea-level (Kidson, 1986). Kidson further highlights the fact
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that most researchers do not determine the local sea-level, however defined, but refer their height

to the national Geodetic Datum.

The Geodetic Datum must not be confused with local mean sea-level, since the first is obtained

by holding sea-level fixed, as observed at a number of tide stations, whereas the second is made

at the local tide station. Often before a sea-level study begins an error of unknown dimensions
may be introduced by the choice of datum used to define the present sea-level (Kidson, 1986).
Fairbridge (1961) used Mean-Low-Water-Spring-Tides (MLWST) as his datum; however, other

authors have adopted different sea-levels, such as Mean-Sea-Level. Prior to the comparison of

sea-level data from different sites/areas one must first reconcile discrepancies between the datums

used (Kidson, 1986).

Where tidal ranges are significant, the vertical spread over which marine processes operate
becomes very wide and the potential errors may multiply, where in extreme situations the vertical
spread may be several orders of magnitude greater than postulated sea-level changes over time
spans of millennia. For instance, the Bristol Channel has a predicted spring tidal range of some
14 meters, and when wave heights of 7 metres are superimposed on such a variation, together

with heights of high water being regularly exceeded by some 2 metres, then dependent on its

definition sea-level could fall anywhere within a 23 metre band.

Many studies of sea-level change are conducted in estuaries and embayments where frictional

forces generated by shallowing and narrowing arms of the sea result in the enhancement of tidal
prism causing the height of high water above geodetic mean to increase. Kidson (1986) suggests
that the height of HWST (High-Water-Spring-Tides) above ordnance datum in the Bristol

Channel increases by some 3 metres from the mouth of the Channel to the head of the estuary
(Kidson, 1986).

When comparing the altitude of samples from different sites correction has to be made for
differences in tidal range, usually done using published figures in tide tables. For sites some
distance from a Tide Table port, considerable errors can be introduced using figures of HWST
for that port, and in estuaries with large tidal gradients the problem is particularly serious.
Heyworth and Kidson (1982) suggested that this source of error can be largely eliminated by
levelling the height of MHWST (Mean-High-Water-Spring-Tides) at the site when weather and
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wave conditions are such that predicted MHWST is reached at the Tide Table port. The
occurrence of tidal bores in estuaries, which in the past may have been responsible for wide
spread flooding at levels greater than expected, may further complicate the construction of sea-

level curves.

As previously suggested, the tidal range in a particular area may have experienced significant
changes during the last deglaciation (Austin, 1991), and although these variations have reduced

in scale they probably continued throughout the Holocene. Whilst tidal range may have changed
at some sites, while remaining unaltered at others, considerable changes may have occurred in

the pattern of variation at any one locality. In such circumstances the possible sources of error
are large, and the comparison of two or more sea-level curves by simply allowing for present
differences in MHWST levels is inadequate to account for such sources of error (Heyworth and

Kidson, 1982).

Rare events, where tides inundate areas normally free of salt water introducing further

uncertainties in the reconstruction of past sea-levels. The effects of high tidal or storm levels tend
to remain 1n the sedimentary record until eliminated by even higher ones. Although it is unlikely
that permanent changes would be produced, there is little doubt that the impression left could be

of an apparent sea-level which would be higher than the actual sea-level at that time. This source
of error would only operate in one direction, the true sea-level would always be lower than
indicated by index points (Heyworth and Kidson, 1982). The difficulty of separating the effects

of rare events from normal sea-levels introduces a source of error, which is ill-defined but may

be considerable.

Tidal problems are therefore so complex that not to take them into account can only lead to
Inaccuracies in palacoenvironmental reconstruction, but since many cannot be assessed it suggests
that real precision is probably unattainable in such reconstructions. One facet of the problem
which has not so far received significant attention is the change in tidal regimes/climates through

time. As palaeo-tidal models generally omit subtle changes in bathymetry and coastal

configuration their application in sea-level studies is to some extent limited.

In a review of the diagnostic criteria reflecting the waxing and waning bidirectional tidal flow,

In tidal deposits and sub inter- and supra-tidal sub-environments, Terwindt (1988) suggested that
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shifts in the position of major tidal channels and intertidal drainage channels produce local micro-

transgressive and regressive sequences, superimposed on the general trends. Terwindt (1988)

concluded that although it is possible to infer a tidal origin for a particular sediment complex,
establishing convincing distinctions between sub- and inter-tidal environments remains difficult.
Furthermore, it is even more difficult to determine the position of the low-water zone in the
section, therefore making the assessment of the palaeo-tidal range extremely difficult. From his

review of the literature, Terwindt indicated that the number of spatial reconstructions of palaeo-
tidal basins are limited, and that careful investigations of the lower inter-tidal and upper sub-tidal

environments are a clue to better palaeo-tidal reconstructions.

The use of ambiguous indicators of former sea-levels can lead to artificial multiplication of
oscillations on already published sea-level curves (Kidson, 1986). Erosional features such as
shore platforms can rarely be used by themselves as precise indicators of past sea-levels. Even
marine deposits covering a wide range, from the seaward margin of the near shore sand wedge
to the crests of storm beaches, must be interpreted with care. Kidson (1986) suggested that the
only wholly reliable indicators of former sea-levels are organic remains in growth positions,

where their relationship to sea-level or the water table can be determined within acceptable limits.

Heyworth and Kidson (1982) have suggested that the interface between saline and fresh water
representing the lower limit of freshwater conditions, occurs at present between MHWST and
HAT (Highest-Altitudinal-Tide), and horizons (peats) representing this interface give the best

starting point for determining past sea-levels. They conclude that this could be done to an
accuracy varying from +15 to +35 cm depending on tidal range i.e small and large tidal ranges
respectively. However, their estimates apply to present day sites and no allowance has been made
for the possibility of local change, such as the formation or destruction of coastal barriers, which

would increase uncertainties and errors associated with particular sea-level indicators.

It 1s now widely recognised that even where biogenic material giving precise relationships to sea-
levels is not available, then more ambiguous evidence such as erosional contacts/features must
be used but only with full recognition of its limitations. The present trend is therefore to use only
those indicators expressly related to sea-level, and where not possible more equivocal evidence
Is treated with much more caution than has sometimes been assigned in the past (Kidson, 1986).

Much attention has been given in the literature to errors associated with Radiocarbon Dating;
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many authors still appear to believe that the age of a sample probably lies within one standard
deviation given by the laboratory. Although the limitations associated with this method are
covered elsewhere, it must be stated that the precision attributed to radiocarbon ages in some
particularly earlier sea-level studies, is not justified, and relatively recent sea-level studies have

adopted two standard deviations as the error term used to plot sea-level radiocarbon dates on
age/altitude graphs (Kidson, 1982; Heyworth and Kidson, 1982; Kidson, 1986). Most
radiocarbon samples used in sea-level studies are from buried peats, which have been

waterlogged in an anaerobic environment since they were formed. Contamination by recent
carbon 1s less likely than for other materials, but penetration by younger roots and other
stratigraphical disturbances are well known sources of error. Many other sources of error may

falsify the resulting age determination, but in most cases there is no way to detect their individual

influence (Heyworth and Kidson, 1982).

When radiocarbon dates are being used to construct a sea-level curve, it matters little whether the
wide spread of results for a single sample are due to differences in the original radiocarbon
content or to difficulties in measurement. The main consequence of this, as previously stated
(Kidson, 1982; Heyworth and Kidson, 1982; Kidson, 1986), is that one standard deviation is not
great enough an allowance to account for the majority of errors associated with the age

determination of a particular sea-level index point using the radiocarbon technique.

Consolidation of clays is much less than that of peats, but in a normal estuarine stratigraphy
where thin peats occur within thick clay layers, consolidation is roughly equal between the two
(Heyworth and Kidson, 1982). Mixed successions of strata with a wide range of physical
attributes are more frequent in coastal marine areas, and their variability ensure that a high degree
of accuracy in assessing the effects of compaction and consolidation is unlikely to be obtained
(Greensmith and Tucker, 1986). The greatest effect of compaction/consolidation on the altitude
of a peat layer occurs where the underlying and overlying clays are approximately equal, and in
the view of uncertainties in correction calculations it is often more desirable to sample from areas
not significantly affected by consolidation. If no other samples are available then the correction
for compaction and consolidation must be made and since it is often clear that samples must have
originally been higher, then only the magnitude of the correction is in doubt. Due to their
unpredictability, compaction and consolidation have largely been ignored by the Holocene sea-

level worker; however researchers must try to assess and quantify compaction and consolidation
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using all the available evidence from geological, geotechnical, geomorphological, biological and

archacological fields (Greensmith and Tucker, 1986). Problems attendant on compaction and
consolidation cannot be divorced from tectonic effects. For instance, the subsidence due to
tectonic down warping is an additive to that caused by the compaction and consolidation of

sedimentary sequences.

2.1.3 Sea-level change and crustal movements during the Holocene in
Southwest England and Wales

Most of the problems associated with recent palacoenvironmental reconstructions are

encountered, some in extreme form, along the southwestern coasts of Britain. Heyworth and

Kidson (1982) in a compilation of available sea-level radiocarbon dates for Wales, SW England
and the Channel Islands suggest that the reconstruction of eustatic changes along this coast is
complicated by its location. The region is located on one of the widest continental shelves in the
world, has a complex pattern of amphidromes and is in one of the world's great westerly storm

belts.

Sea-level may be thought of as the interface between saline and fresh water, as indicated by living
organisms, rather than some abstract term such as mean-sea-level, and such an interface 1s
considerably higher and more variable from place to place than mean-sea-level (Kidson and

Heyworth, 1979). The crenulate nature of the southwest coast of Britain results in significant
differences in exposure and fetch, so that different portions of the coast experience different wave
energies/climates. The tidal variations are often more variable than the wave energy, since the
forecast height of MHWST (astronomical component without meterological forcing) ranges from

some 1.17 to 6.70 meters above Ordnance Datum, with mean spring tidal variations range

between 1.9 and 12.3 meters at Portland and Bristol respectively (Heyworth and Kidson, 1982).
Therefore as already discussed, prior to the interpretation of former sea-levels, large variations

in wave climate and tidal range need to be assessed, otherwise additional errors are introduced.
Heyworth and Kidson (1982) indicated that sea-level studies have not allowed for changes in tidal
regimes as coastal configuration and ocean water depth have changed in response to the Holocene
transgression. The exclusion of palaeo-tidal variations, in the reconstructing of former sea-levels,

was due to the lack of an adequate technique to assess such changes (Heyworth and Kidson,
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1982; Greensmith and Tucker, 1988). Although Heyworth and Kidson (1982) suggested that for
much of the coast the consequence of such changes are relatively minor, they indicate that for the

coast for the English Channel and the Bristol Channel, there must have been significant

differences in the tidal regimes at the start and end of the Holocene transgression.

Austin (1991) argued that tides on the N.W. European continental shelf must have undergone
considerable changes during the Holocene, in response to rising sea-levels and associated
coastline movement. Sea-level researchers commonly use indicators related to past tidal levels

(Greensmith and Tucker, 1988; Austin, 1991), and accurate estimates of palaeo-tidal variations

are needed if the tectonic component of change is to be isolated. Austin (1991) used a numerical

model of the M2 tide on the NW European continental shelf to estimate the effect of uniform
depth changes (of the order of the Holocene eustatic variation), on tidal elevation amplitudes
(amphidromes), sand transport paths and the position of tide generated fronts. Austin concluded
that shifts in the position and strength of amphidromes are shown to cause strong spatial gradients
in the rate of change of tidal amplitudes in the Irish Sea and English Channel. However, Austin
calculated that the tidal contribution to absolute changes in mean high water levels, is everywhere

less than 5% of the eustatic contribution, and also states that a more realistic description of
bathymetric variation is required to further develop this modelling approach, thus limiting its

present application to palaeo-tidal modelling.

In investigating the low sea-level origin of Celtic Sea sand ridges, Belderson et al. (1986) using

a numerical model of M2 tidal steams, found that the tidal currents at the time of the lowered sea
level were approximately twice the strength of present day levels. The major axes of the great

majority of the tidal ellipses were rotated in a clock-wise sense with respect to those of the

present day. The actual age of the sand banks is likely to be Late Devensian/early Holocene
(Bouysse et al., 1976; Pantin and Evans, 1984), corresponding to the early stages of sea-level rise
where sea-level was estimated as -110 to -120 meters (Bouysse et al., 1976) and -135 metres

(Pantin and Evans, 1984) below present.

Holocene and late Devensian sea-level and crustal movements in England and Wales have been
studied generally by small groups or individual workers specialising in relatively short sections
of coastline (Shennan, 1983). Numerous researchers have shown that no part of the earth's

surface can be regarded as geologically stable over time scales of a few thousand years or more
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(Clarke et al., 1978; Walcott, 1980; Flemming, 1982). Platetectonics has provided an explanatory
mechanism for long-term tectonic and isostatic movements of continental margins, while the
glacio-isostatic and hydro-isostatic theories have been combined to show that all coastal parts of

the earth are subject to a greater or lesser degree of isostatic reaction to the glacial-deglacial cycle

(Flemming, 1982).

The British Isles are in a zone of glacial isostatic readjustment caused by the removal of the
Scottish and Scandinavian ice sheets. In assessing the geological factors causing vertical

movements, one could in principle derive a correction so as to arrive at the most probable

absolute sea-level curve for the area. Flemming suggests that such an analysis would produce
a different curve for each area due to both inevitable approximations made locally, and
unquantified regional responses to hydro-isostasy, glacio-isostasy and so on. Flemming (1982)
used a partial data set of the total data available in 1978, consisting of some 143 data points, in
a numerical analysis of crustal movements. Although the results provide a model for deformation
of the British Isles, Flemming (1982) stresses that the results must be regarded as provisional and

that they are intended to demonstrate the potential of a method, rather than to prove a particular

result.

The method is based on the assumption that the observed present distribution of sea-level

indicators of various agés is the summed effect of a eustatic sea-level change which is coherent
through time, but independent of geographical location and local geological vertical displacement

which has taken place at a constant rate at each locality, with that constant varying from place to

place (Flemming, 1982):

z = £(T) + g(x,y)xT 2.1

Z is the relative vertical displacement, T is the age in 10’ years, x and y are geographical co-

ordinates, f and g are unknown polynomial functions.

Walcott (1980) notes that the rheology of the lithosphere and the mantle of the earth is such that
the stresses involved in post-glacial rebound are near the boundary between linear and non-linear
behaviour. Atlow values of stress rates of strain should be linear, whereas at high values rates

of strain are proportional to the cube of the stress. For the purpose of his model, Flemming
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(1982) assumes that the vertical displacement during the period 9000 years BP to present was
small in relation to the total displacement between the maximum glacial depression and the final
deglacial isostatic equilibrium. On the basis of this assumption, Flemming proposes that it 1s
reasonable to assume that the stress is constant, and that the stress strain relationship is linear.

It is difficult to model the period of ice melting, and Flemming overcame this by assuming an
equilibrium state of isostasy at the maximum glaciation, followed by a disequilibrium as the ice
thinned. If ice melted at such a rate that isostatic forces increase, then the imbalance of isostatic
forces would simultaneously increase causing the crust to accelerate vertically. Flemming made

no attempt to model this first stage of isostatic rebound since his data referred to the past 9000

years, and all ice is presumed to have melted 1n Scotland by 10,000 BP.

Even so, rapid wasting of terrestrial ice sheets during the Late Devensian (Hughes, 1987) may

have caused accelerations in isostatic response to deglaciation, and surely these would still
influence crustal movements during the period Flemming describes. Flemming (1982) therefore
introduced a simple polynomial or exponential expression based on the assumption that the
direction of isostatic recovery has been constant at each location, but has varied between sites.
He explicitly did not refine the analysis to account for regional or oceanographic factors which
may have influenced the analysis, but his summary of crustal movement is well known, showing

arange from + 2.5 mm/yr over the highlands of west Scotland to - 0.5 mm/yr over the extreme

south west of England.

During the IGCP Project 61 the international data bank of radiocarbon dated sea-level index
points was established and the UK working group started to collect the relevant information.
Whilst undertaking a compilation of the radiocarbon data bank for the UK, Shennan (1987,
1989b) experimented with an alternative approach to differential crustal movements, using
published sea-level curves. Although such an approach may have a number of advantages over

using individual sea-level points, curves include limitations such as interpretational differences

made by the original authors.

By the end of Project 200, some 915 radiocarbon dates were held; however, due to the problems
of acquiring all the relevant information Shennan (1989b) restricted his analysis to dates on peats.
Various conditional filters, such as contamination, eroded contact, stratigraphic context, and age

context were applied to the remaining peat dates, leaving 429, which Shennan believed to be
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related to past sea-levels. In noticing that the relevant tidal information was being submitted in

different ways Shennan, in order to standardise the procedure, produced a separate data base

containing 14 tidal variables for some 400 coastal locations obtained from Admiralty Tide Tables.

The approach Shennan (1989b) adopted to calculate Holocene crustal movements in Great Britain

required a eustatic correction to be applied to each radiocarbon date used. Flemming (1982)
calculated the eustatic factor, which was in fact a geographically independent factor combining

a eustatic sea-level factor and a linear factor assumed to be of tectonic origin. Shennan (1989b)

used the regional eustatic curve proposed by Moérner (1984), and subtracted this from a relative
sea-level value to give an estimate of uplift/subsidence. This value includes glacio-1sostatic,

hydro-isostatic and tectonic components, as well as local-scale factors, such as sediment
compaction and oceanographic/hydrological effects, including palaeo-tidal changes (Shennan,

1989b). For each area with an adequate number of reliable sea-level index points Shennan
attempted to identify and quantify, where possible, the general form of crustal movements and

the magnitude and pattern of residuals.

Heyworth and Kidson (1982) compared three sea-level curves from detailed studies in Cardigan
Bay, Bridgwater Bay and the Bay of Mont Saint-Michel (Figure 2.3). They found that the curves

from the first two sites are almost identical, suggesting that over the last 8000 years the rate and

timing of sea-level rise is comparable between Mid-Wales and SW England.

In reconstructing eustatic changes in sea-level, Heyworth and Kidson used three main sites,
Cardigan Bay (Borth, Ynylas and Clarach), Bridgwater Bay (Salford) and the Somerset Levels
since detailed studies had been carried out, and large numbers of radiocarbon dates had been
obtained at these sites. They also produced sea-level curves for North Wales and the English
Channel but these were not based on large numbers of radiocarbon dates. Dated sea-level index
points from Cardigan Bay and Bridgwater Bay were taken from submerged forests, peats and so
on; in contrast the radiocarbon dates from the Somerset Levels were obtained from the prehistoric

trackways. Although these index points were not directly controlled by changing sea-levels,

Heyworth and Kidson (1982) believe that the trackways were built in response to higher water
levels (reflected in the surrounding peats), and that since they were constructed of small timber,
used almost immediately, the measured radiocarbon dates should represent dates of construction.

It may be that the trackway sites in such a position cushioned from the extreme events which may
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influence coastal sediments, yet controlled by water-table movements, provide the most reliable

indication of long-term sea-level change (Heyworth and Kidson, 1982).

Instead of using bars or rectangles, Heyworth and Kidson (1982) represent age and altitude error

estimates as either ellipses or circles. Estimates of uncertainty in the sea-level figures are used

to construct these error ellipses, an error range of + two standard deviations being assumed for

both axes; the standard deviations used by Heyworth and Kidson for the altitudinal measurements

have no statistical basis. For each sea-level index point values of age and altitude were plotted
in a way which attempts to show the probability distribution of a particular radiocarbon date
representing a particular sea-level (Figure 2.4). The four concentric ellipses given to each date
represent the probability distribution of the true point lying within each of the four zones, and
therefore a date with small associated uncertainties will appear as a dense circle or ellipse,

whereas one with large uncertainties will appear large and faint.

Heyworth and Kidson (1982) used such a method to overcome the problem of imprecise results
appearing more important than precise ones, giving a more accurate graphical representation
which displays overlapping results. In not displaying uncertainties in the relative altitudes of
samples from different sites the sea-level curves from those sites may appear significantly
different, when in fact their differences may be only slight. In figure 2.5 Heyworth and Kidson
(1982) give a general indi'cation of curves which can be drawn for various parts of the coastline.
Radiocarbon dates are plotted relative to the MHWST level, with no correction being made for

the uncertainty in the height of the present MHWST level.

Heyworth and Kidson (1982) argued that this diagram does not imply that these curves are
significantly different. If MHWOT had been used to bring points to acommon datum rather than
MHWST, then curves 1 (Bristol Channel) and 3 (Cardigan Bay) would be almost identical. Only

curve 5 for North Wales displays a difference which seems to be outside the expected range of

error for a single curve, and this curve is plotted for only two dates, so that too much should not

be deduced from the divergence (Heyworth and Kidson, 1982). These curves suggest that no sea-
level stand higher than present occurred in SW England or Wales during the Holocene, and that

any oscillations are smaller than the sum of uncertainties (Heyworth and Kidson, 1982).
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In investigating sea-level changes on the coasts of Ireland, Mitchell and Stephens (1979) reported

a eustatic transgression up to 3.5 metres above present sea-level some 5000 years BP in Dublin

Bay, at the same latitude but on the opposite side of the Irish Sea to Cardigan Bay. These

opposing views which can be explained in the context of regional eustasy and changes in the
geoid, may also arise from different interpretations of the eustatic component of relative sea-level

data or from different compensation of errors (Kidson, 1986).

Inevitably, due to the incompatibility of definitions the simple comparison of sea-level curves
cannot be used to accurately reconstruct regional changes in sea-level or crustal movement but
they may serve as a working hypothesis (Shennan, 1983). That complex discrepancies in sea-
level studies around the Bristol Channel are largely due to the presence of a wide continental shelf
and an amphidromically complex situation with the largest tidal range in the UK Furthermore,

this coastline consists of numerous narrow valleys, the entrances to which are restricted by
shingle spits or barriers. These factors would combine with the problems associated with the
drainage of important and variable amounts of freshwater and sediments from drainage basins,
to confound the interpretation of Holocene sea-level data, making it extremely difficult to observe

any regional effect due to local noise.

Shennan (1983) suggests that whereas there appears a clear subsidence of the Bristol Channel
relative to North Wales, movement relative to Cardigan Bay is unclear. All the data for Cardigan
Bay indicates a slight subsidence, and a rate of -0.11 + 0.08 mm/yr may be the best summary of

that subsidence, but due to the almost invariant nature of the altitudinal data (errors from an

offshore vibro-core) this rate is poorly established (Shennan, 1989b).

The data used by Shennan (1989b) for the Bristol Channel was poorly resolved, coming from a
wide range of sites, with different palaco- environmental conditions, and perhaps most
. significantly comes from the estuary with the largest tidal range in Great Britain, the Severn
Estuary. As already discussed the tidal regime is unlikely to have remained constant during the

Holocene transgression (Belderson et al., 1986; Austin, 1991; Scourse and Austin, 1993),

contributing to scatter and poor numerical solutions. Shennan (1989b) concluded that the only
clear signal is that subsidence is apparent, in the order of -0.24 + 0.19 mm/yr. Furthermore, it is

not possible to specify the cause of subsidence, making it almost impossible to determine to what
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extent crustal movements are a manifestation of forebulge collapse, reactivation of tectonic

structures or sediment loading and/or hydro-isostasy (Shennan, 1989b).

Shennan (1989b) summarised rates of relative subsidence in Great Britain as a series of 1solines,

estimating current rates of crustal movement (Figure 2.6). For England and Wales Shennan
interpolated between a few fixed points, and therefore concludes that these isolines should not

be interpreted as precise lines, but used as point estimates which provide a regional pattern of

crustal movements.

Whatever the thought about the idea that the position of relative sea-level may have oscillated

with height on the scale of hundreds of years, it is clear that in general there is an upward trend

in sea-level during the Holocene in Southwest England and Wales (Heyworth and Kidson, 1982;
Shennan, 1983; Allen and Rae, 1988; Allen, 1990). Referring elevations to MHWST, Shennan

(1983) indicated that the relative sea-level some 2500 years ago was roughly 2.5 metres lower
than today. There is no evidence of sea-levels higher than present which supports the hypothesis
that sea-level has risen in England and Wales continuously at a decreasing rate up to the present

time.

Within the Severn Estuary, Allen and Rae (1988) used levellings across dated sea-banks and the

dated history of the salt marsh chemical pollution to construct a generalised sea-level curve for
approximately the last 2000 years. The origin of their curve is some 0.5 to 0.6 metres above the
local level of MHWST, but is reduced to this level to achieve maximum compatibility with the
curve drawn by Shennan (1983) using Heyworth and Kidson's (1982) data from the Bristol
Channel (Figure 2.7). Allen and Rae concluded that depending on the extent to which the Severn
Estuary is regarded in retreat, that since the first reclamations made during the Roman Period (AD
43-410 in Britain) the spatially averaged rise in relative sea-level has been no less than 1.22

metres and no more than 1.6-1.7 metres.

Allen (1990) concluded that a discrepancy of 0.8-0.9 metres between the start of Allen and Rae's
curve and the end of that drawn by Shennan (1983), as displayed in figure 2.7, may be due to
different methodologies applied to areas which merely adjoin. However, the two curves serve
to define an early phase of rapid rise in relative sea-level, which gave place some 6000

radiocarbon years ago to a more gradual upward trend followed by a further acceleration over the
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last few centuries (Allen, 1990). The current rate of rise averaged over the Severn Estuary is a

few mm/yr (Allen and Rae, 1988), which is much greater than the rate of eustatic movement in

recent decades.

2.1.4 Future direction of sea-level research

The quest to obtain a record of a global eustatic response to the transfer of mass between

terrestrial ice-sheets and the oceans has been judged to be too simplistic since such studies omit
the effects of regional variations introduced by glacio- and hydro-isostasy. In fact the most recent

sea-level studies have concentrated on the construction of local sea-level curves in an attempt to

infer a regional response to sea-level change.

Due to the dynamic nature of the earth's crust it seems useless to construct a global eustatic sea-
level curve, as different localities have distinct Late Quaternary tectonic histories. Glacio-
Isostasy, ice loading or unloading results in regional terrestrial depression or rebound which may
amount to tens of metres. Hydro-isostasy, or crustal response to the shifting of water loads on
continental margins takes place at similar rates to glacio-isostasy, but typically of magnitudes of
only a few metres. Finally, long term continental margin subsidence, due to the thermal

contraction of adjacent oceanic lithosphere, may also significantly contribute to rising sea-levels.

To understand Late Quaternary changes in climate, driven by the dissipation of internal energy
and by changes in solar radiation received by the earth, one must first understand changes on a
much longer time scale (Boulton, 1992). This concept can also be applied to regional tectonic
responses 1n that although an area may be rebounding in response to the removal of terrestrial ice
sheets during the present interglacial that same area may also be subject to a sustained long term
subsidence. For instance, the southern coast of England is presently subsiding in response to the
removal of ice from the Scottish Highlands (Shennan, 1989b); however, Preece et al. (1990), in
studying the Pleistocene sea-level and neotectonic history of eastern Solent, southern England,
inferred that regional tectonic uplift has been active in the eastern Hampshire Basin at some stage
during and or since the middle Pleistocene. Crustal movements, in response to the growth and

decay of terrestrial ice masses, may simply be superimposed upon long-term regional tectonic

patterns suggesting that in the construction of accurate sea-level curves one should try to assess
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the long term tectonic patterns which ultimately effect the altitude of particular sea-level index

points.

IGCP Project 274 has been formulated to establish models of coastal processes and Quaternary

evolution of the coastline and shelf areas; to examine coastal evolution in critical earth

environment zones; to assess the impacts of past and future sea-level change on coastal
environments; and to promote education of matters concerning coastal evolution and impacts of
sea-level change (Shennan et al., 1992). The United Kingdom Working Group hope to combine

present shoreline evolution and sea-level data in the British Isles producing a framework for

exploring and predicting coastal changes to examine the sensitivity of coastal response to sea-
level change, sediment supply, wave power, basement geometry and basement material, in
environments such as gravel beaches, sand beaches, saltmarshes and so on (Shennan et al, 1992).
It appears therefore that a number of recent research papers presented in response to IGCP Project
274 are concerned with the evolutionary sensitivity of coastal environments to Holocene sea-level
rise. Shennan et al. (1992) suggests that although Holocene sea-level change is well documented
for most parts of the British Isles, the causes for the spatial response of coastal environments to
changing sea-levels is poorly understood. They further indicate that sea-level variation may not

be the principal agent of coastal differentiation but they suggest that sediment availability is more

likely to prescribe patterns of coastal deposition.

Hinton (1992) described a new approach to the study of Holocene sea-level change suggesting
that palacotidal changes are one of the least known factors recorded in local sea-level changes.
By integrating numerical tidal models with stratigraphic data recording former tidal heights one
can extend the knowledge of tidal alterations with sea-level change, and such knowledge will
permit a higher degree of accuracy in the construction of regional and local sea-level variations
during the Holocene (Hinton, 1992). Modelling approaches of this kind, such as the study by
Austin on the NW European continental shelf, are used to fine tune palacoenvironmental data
(Scourse, 1992); however, due to the resolution permitted by many of the tidal models employed
such assessments have not provided detailed information on a local scale. The refined tidal model
of the Wash developed by Hinton (1992) may simulate greater research into detailed assessments
of tidal variations at any one locality which may subsequently be used to construct more accurate

sea-level curves.
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The general public are becoming increasingly aware of the effect of global warming on sea-levels

and how such a phenomenon may affect their everyday lives. However, predictions of postulated

sea-level rises vary considerably confusing the public making them more suspicious such
predictions. Informed predictions of future coastal changes, on which strategies for management
and engineering may be based (Scourse, 1992), require detailed studies on shoreline response to
rising sea-levels. Recent studies (IGCP Project 274) hope to provide such information and seem
to concentrate on obtaining more accurate sea-level curves, from which more informative

predictions of future coastal response to sea-level changes can be made.
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2.2 Barrier formation and evolution

2.2.1 Historical development of theories regarding barrier island genesis

The coastal plain and continental shelf of the west coast of mainland Mexico were investigated

as a part of the Scripps Institution of Oceanography's project on the geology and oceanography

of the Gulf of California. One of the areas of greatest interest was the area south of Mazatlan,
Sinaloa, and the north of San Blas, Nayarit on the mainland side of the Gulf of California (Curray
and Moore, 1963).

The coastal plain here consists of a low-lying marsh roughly at sea-level which exists, mainly in
depressions, between scores of parallel abandoned beach-dune ridges. This strand plain of
abandoned beach ridges averages some S km in width, for the 225 km distance from Mazatlan
to San Blas, and is uniformly furrowed by the parallel ridges which are typically 30-200 metres
apart. The sand body is continuous between the ridges and across the strand plain, being found
beneath elongate surface lenses of modern alluvium deposited between the ridges (Curray and

Moore, 1963). This continuous sand sheet rests upon the pre-transgressive or Pleistocene flood
plain deposits of the coalescing river system. Curray and Moore (1963) suggest that each ridge
was formed individually as a shoreline deposit, with the oldest lying furthest from the present
shoreline, and that the present shoreline is analogous to each of the ridges at the time of their
formation. They postulate that each ridge initially formed as a longshore bar in front of the
existing beach and that given a sufficiently high rate of sediment supply and conditions of low
wave action the bar can accrete up to the water surface. If this were to occur during a high tide,
with the persistence of low wave conditions through several successive tidal cycles, the long-

shore bar would in effect become the new shoreface isolating the former beach (Curray and
Moore, 1963).

Curray and Moore suggest that this process has apparently repeated itself cyclically since the time
sea-level approached its present position. Furthermore, throughout the formation of the strand
plain sediment supply and hydrodynamical conditions have remained approximately uniform.
After the formation of each successive new beach ridge the process is repeated after a sufficient

supply of sediment was introduced into the area either by long-shore transport or by the
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Chapter2 Sea-level change and barrier formation/development

reworking of relict sediments offshore. Curray and Moore proposed that barrier islands originate
from bars, built to sea-level by the rapid supply of sediment during periods of low wave intensity
1solating the former beach surface, creating a lagoon which is subsequently infilled by both sand
and alluvium. However, at the time of their study there was only one available 4C date, and in

recognising this, Curray and Moore indicated that both the rate at which the strand plain formed

and the position of the late Holocene sea-level could not be accurately assessed.

Price (1963) suggested that small barriers form a short distance from the shore during periods of
high water associated with storm setup. A bar develops in front of the beach and builds vertically

almost to the height of the temporarily raised sea-level and with a subsequent fall in sea-level

remains as a low barrier.

Hoyt (1967) suggested that several difficulties arise in applying the theory of barrier formation
from the building of offshore bars. First, although offshore bars may develop under certain wave

conditions, their vertical progression is arrested as the water level is approached due to the

washing of waves over the top of the bar. Second, if barriers develop directly from bars then
evidence of this process should be observable somewhere. Hoyt (1967) indicated that the lack

of examples at various stages of barrier development suggests that barriers do not in fact form

from the build up of offshore bars. Furthermore, he highlighted the absence of beach and shallow
neritic deposits landward of barriers arguing that if barriers did form from offshore bars then

open-ocean conditions should have prevailed landward of that bar during the early stages of

barrier formation.

Hoyt (1967) examined the contact between Holocene salt-marsh deposits and Pleistocene
sediments at many locations along the Georgia coast and found no beach deposits landward of
the saltmarsh (Figure 2.8). He supported this evidence by reappraising numerous other studies,
all of which indicated the absence of beach and shallow neritic deposits landward of barrier
islands, but was careful to point out that although there may be minor exceptions most major

barrier features formed by some other mechanism.

Gilbert (1885) suggested that barriers form by the accretion of sediments transported along the
shore by littoral and longshore currents. Although this theory was dismissed at the time there can

be little doubt that barrier islands form by the breaching of spits during storms (Figure 2.9).
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Chapter 2 Sea-level change and barrier formation/development

However, Hoyt (1967) suggests that this mechanism does not adequately account for major

barrier systems and is probably limited to small sections of the coast.

Swift (1975) suggests that barriers developed at a low sea-level stand, and have transgressed the

continental shelf during the Holocene transgression, but this does not solve the problem of

formation. Hoyt (1967) presented a hypothesis which considered the rapid submergence which
began some 18,000 years BP, the absence of a world-wide sea-levels higher than present during
the Holocene, the slow submergence during the past 3,000-4,000 years (Shepard, 1963), the

absence of marine deposits and faunas landward of barriers, and the ability of barriers to reform

after being destroyed by an emergence.

Along some shorelines aeolian deposits build dunes over 100 feet high and waves can form beach
ridges some 20 feet above high water level. Hoyt (1967) suggested that the combination of both
wind and wave action may produce a topographic ridge along the upper edge of the shoreline.
Suppose that during their formation there was a relative rise in sea-level, then the area landward
of the ridge would flood to form a lagoon and the topographic ridge would become a barrier to
marine influence (Figure 2.10). The actual width of the barrier would depend upon the amount
of progradation prior to submergence which is dependent on the rate of sediment supply and
hydrodynamics (Hoyt, 1967). Once formed, barriers can be maintained as long as there 1s a

balance between the sediment supply, the rate of submergence, and the local hydrodynamic

factors (Figure 2.11). Although submergence may result in the landward retreat of the shoreline,

too fast or too slow a submergence rate may be detrimental to continued barrier development
(Hoyt, 1967). Submergence is the pillar stone in the theory proposed by Hoyt and such a rise

in relative sea-level has occurred during the Holocene epoch by the transfer of water from

continental glaciers to the oceans.

Pierce (1969) examined the physiographic changes, along the North Carolina coast, where he
found that the barrier system has accreted sediment at an annual rate of some 796,000 m’. He
postulated that the continental shelf acts as a reservoir of sediment which is at present
contributing to the accretion of the nearshore zone. This would suggest that if sufficient sediment

1s not supplied by longshore/littoral processes, a barrier system may be maintained by relict

sediments.
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Otvos (1970a) stated that barrier formation by beach-ridge engulfment would probably occur
when a stable shoreline with well developed ridges is engulfed by a relatively sudden marine
transgression which ultimately does not erode or displace the ridges landward. This would be

followed by a slower sea-level rise during which the islands maintain their upward growth. Otvos

(1970a) argued that although such a transgression may have existed at the onset of the Holocene,

in the Gulf of Mexico, most of the barriers started to form some 5,000 to 3,500 years BP when

the transgression had slowed or stopped altogether.

The failure to recognise beach and shallow marine sediments landward of the barrier islands, as

highlighted by Hoyt (1967), can be attributed to several factors other than barrier formation
through the engulfment of beach ridges. Otvos (1970a) argued that the presence or absence of
beach sediments is not sufficient proof to eliminate barrier formation from spits or bars. For
instance, when a transgression reaches a lagoon the first sediments to be reworked into the
sedimentary column would be beach and shallow neritic deposits, and Otvos argues that this
would make them indistinguishable from earlier Pleistocene sediments. However, if shallow
marine sediments existing landward of barriers were reworked into the sedimentary column then
they would form a distinctive sedimentary unit distinguishable from earlier Pleistocene
sediments. Otvos (1970a) suggested that the rapid development of bay-mouth bars or spits do
not allow the accumulation of noticeable volumes of open marine sediments before sedimentation

becomes lagoonal. He stated that it must also be proven that the total section, between the pre-

transgressive and island surfaces, was formed in the supra-tidal environment before one can

conclude that barriers did in fact form through beach and dune ridge engulfment.

Hoyt (1967) maintained that only a few small short lived barrier islands located close to the
shoreline formed from off-shore bars. Otvos (1970a) indicated that records from the Louisiana
and Mississippi coastal areas do not support this hypothesis because several major and minor

examples of barrier development from underwater shoals took place in the Chandeleur,

Mississippi Sound, and Timbalier Island groups. For instance, in the southern Chandeleur Island

group the 7.5 km long Grand Grosier Island has developed since 1869 through numerous stages
of the development and merger of small islands from the shallow sea-floor. Otvos (1970a)
concluded that beach ridge progradation of coastal plain, barrier spit, and barrier island shores is
essentially an identical process. Furthermore, new ridges added to the land form not only by

seaward beach expansion but also by beach formation and by the development of near-shore bars.
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