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I wonder if the ground has anything to say? I wonder if the ground is
listening to what is said?

Young Chief, Cayuse Indian (1855)



The aims of this research are to establish shoreline responses to relative sea level
change in the Moray Firth. Using both the sea level history and contemporary
coastal sediment budgets, a "palaeosediment budget" is presented, which is used
to assess the response of the shoreline to changing conditions of relative sea level
and sediment supply during the Holocene.

The area around Culbin and Burghead Bay in NE Scotland comprises a series of
relict shoreline and associated unconsolidated deposits which have formed since
the last glacial maximum ca. 18 000 years ago. The Culbin foreland is composed
of a suite of shingle storm beach ridges abandoned at up to 3 km inland. The
storm ridges were deposited under falling relative sea level after the peak of the
Holocene sea level maximum ca. 6500 BP as a staircase of features between 11
and 3 m OD, and are backed landwards by fine grained sediments which have
been deposited in their lee. Using modern analogues from The Bar, a barrier
beach 3 km downdrift, these are successfully used in conjunction with more
standard dated indicators in the reconstruction of relative sea level trends for the
area. Detailed morphological investigation of the shingle ridges demonstrates
relationships between crest spacing and the regularity of sediment supply, which
demonstrate rapid changes in ridge altitude to be directly related to sediment
supply, and indirectly related to relative sea level change,

An allied study of contemporary processes operating along the Culbin foreshore

and at The Bar was also undertaken. Wave data from commercial sources was

supplemented by data from a directional wave recorder constructed specifically for

the project. Modal wave height and period in the Culbin area are low, at only 1 m

and 4 s respectively. The wave recorder demonstrates the under-representation of

low (< 0.5 m) waves in commercial records and the presence of converging wave

trains. The incidence of swell from the NE sector creates a dominant westerly
longshore current, responsible for the strong sediment sorting and drift-aligned

landform assemblage at the coast. Tidal currents were found to be very weak in

the Culbin area, and are not an important sediment transport mechanism.

The primary mode of contemporary foreshore sedimentation has altered radically
from a shingle to a sand dominated environmeni, with shingle now only actively
deposited at the proximal end of The Bar. Quantification of the sedimentary inputs
and outputs to the Culbin area allowed two sediment budgets to be calculated, one
for the sandy Culbin foreshore, and a second shingle budget for The Bar. These



both indicate that Iohgshore transport remains the dominant mode of transport,
with up to 3.3 x 104 m3 a-1 of sand transported along the Culbin foreshore, and 0.1
x 104 m3 a-1 of shingle along the proximal flank of The Bar.

The calculation of a palaeosediment budget aimed to produce a first order
quantification of the volumetric development of Culbin during the Holocene period.
Adopting a similar methodology as the contemporary sediment budget, the inputs
and outputs of sediment to the coastal zone during the Holocene were quantified,
although at an order-of-magnitude scale. The supply of shingle from the
neighbouring River Findhorn was insufficient to account for the development of
Culbin alone, and an additional updrift supply of shingle from the Spey helps to
explain the genesis of a composite landform the size of Culbin. A three stage
developmental model is proposed, which attempts to explain the variable nature of
sediment supply to Culbin under different relative sea levels at Culbin throughout
the Holocene. This is based upon the identification of an operational water depth
of 6 m around the northern flank of the present Covesea-Burghead area, defining
a critical depth below which shingle is no longer actively transported in the
nearshore zone. Phase 1 relates to the period 9500-7200 BP, when operational
depths were below 6 m, allowing the free passage of shingle from the River Spey
to augment the supply from the River Findhorn reaching Culbin. Phase 2 occurs
between 7200 and 4300 BP, when operational depths exceeded 6 m and the
supply of shingle from the Spey to Culbin was halted. Phase 3 is dated post-4300
BP, when the Spey link was re-established, but shingle supplies were beginning to
fail from both rivers.

From this, a developmental model is described, which attempts to explain the
evolution of the Culbin area under conditions of varying relative sea level and
sediment supply.

Having considered the past and present evolution of Culbin, an assessment of the
future development of the area is made in the light of potentially rising relative sea
level as eustatic sea level begins to match the rate of isostatic rebound in the
Moray Firth. |
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Plate 1

Buckie Loch spit and the Culbin foreland viewed east towards the Findhorn
estuary. Dune covered recurves are clearly visible along the length of the spit,
whose extension has encouraged sandflat and saltmarsh development in its lee
(bottom foreground). A series of semi-continuous offshore bar features can be
seen extending along the length of the foreshore.






The two principal factors affecting the position of the shoreline are sea level
(Leatherman, 1989) and sediment supply. Since the decay of the last British ice
sheet around 13 000 years ago the position of the shoreline around Britain has
altered dramatically due to the complex interplay between the relative levels of
land and sea on both a regional and global scale (Tooley, 1982).

The position of the British coastline has been largely inherited from the direct
and indirect effects of the various glacial-interglacial cycles experienced over the
Quaternary Period. Of particular importance in British coastal evolution since the
last glacial maximum has been the supply of sediment to the coastal zone.
Downwasting glaciers released immense volumes of sediment to the coastal
zone which were subsequently reworked by marine proceses to form many of
the beaches found today in Britain.

These once-plentiful sediment sources have now begun to fail as offshore
sources have been used up or drowned in situ, and inland sources have
become stabilized by vegetation cover. Accompanying this general change in
sediment regime has been the effect on global sea levels of the so-called
"Greenhouse Effect". Estimates regarding the possible effects of rising sea levels
caused by increased atmospheric CO2 and its effect on global temperatures are
widespread and varied. While many "predictions" have been made somewhat
prematurely on the basis of poor input data and models still in their infancy, there
is little doubt that over the next century relative sea levels will rise around much
of the British coast.

The effect of failing sediment supply combined with rising relative sea level has
done much to focus attention on what has become known as the coastal
"erosion crisis". Bird (1985) estimated that 90% of the world's sandy shorelines
are eroding at 0.5-1.0 m a*1. The need for effective planning at this stage in order
for society to accomodate future changes at the coast requires the development
of models of coastal response. Models presently available were formulated for
use primarily on the eastern seaboard of the USA (eg Dean & Maurmeyer,1983;
Pilkey & Davis, 1987; Swain 1989). Given the different environmental controls
operating on the British and North American coasts, the application of such
models outside the boundary conditions under which they were originally
devised may not provide accurate determination of the conditions at various
locations around the British coast.



For example, in NE Scotland, the coast has undergone a different evolutionary
history from that elsewhere in Britain. Proximity to the former Scottish ice centre
(based approximately on Rannoch Moor) has meant that the effects of isostatic
uplift have been more pronounced over the Holocene in NE Scotland than
elsewhere in Britain. Examination of Late Quaternary sea level records from
around the Scottish coast reveals that the processes of both relative sea level
(RSL) rise and fall have occurred before, and the effects of such events are
frequently preserved in the sedimentary record. Thus to understand the likely
effects of the present rise in relative sea level it might be profitable to examine
the preserved effects of former changes in relative sea level.

In addition, the supply of sediment to the coast over the Holocene has also
varied. Shoreline evolution owes its existence to the interaction between the
supply of sediment and RSL change (Swift, 1975; Carter, 1988). Quantification
of the contemporary coastal sedimentary regime provides a baseline against
which former sedimentary systems may be measured, aiding the interpretation of
spatially similar coastal units at different stages within a chronological
development continuum.

Thus, the explanation of the detailed nature of the shoreline response to RSL
change in Scotland lies in the interplay between isostatic elements and
sediment supply during the Holocene. This hypothesis forms the focus of the
research reported here.

The remainder of this chapter states the hypotheses to be tested, and is followed
both by an overview of the experimental design and an outline of the thesis
structure.



1.1 AIMS OF RESEARCH

The aim of this research is to investigate the Holocene and contemporary
development of a coastal site in NE Scotland in terms of its shoreline response
to changing RSL under differing sedimentary domains, and to formulate a model
to explain the observed changes at the site using previous responses recorded
in the sedimentary record as boundary controls.

In order to acheive these aims the work was divided into two sub-areas, each of
which provide stand-alone data on specific aspects of the coastal environment,
but which link together at a later stage in order to achieve the overall aim of the
project. These general research aims are:

i) the establishment of the sea level history for a previously unrecorded
site in NE Scotland;

ii) examination and assessment of contemporary coastal processes and
landforms, and the calculation of a sediment budget for the field site;

iii) an attempt to link aims i) & ii) through the medium of a
"palaeosediment budget" in order to assess former responses of the
shoreline to changes in RSL and sediment supply.

The research was not specifically aimed at the production of a sea level history
for its own sake, this having been acheived for the inner Moray and Dornoch
Firths in earlier studies. Rather, by attempting to combine the approaches of the
Quaternary sciences with those of contemporary coastal studies, it was hoped
that a better understanding of the dual role of RSL change and the supply of
sediment in coastal development would lead to a better appreciation of the
genesis of the present coast. This in turn should aid the prediction of future
coastal development.

The field site chosen for this investigation was Culbin Sands and Forest, a Site
of Special Scientific Interest (SSSI) on the southern coast of the Moray Firth in
NE Scotland (Figure 1.1 & 1.1a (insert)). This site is particularly suitable for
study, with a highly dynamic coastal zone backed by an exceptionally welli-
preserved suite of Holocene raised marine landforms. These include an
extensive suite of shingle storm ridges, now abandoned at up to 3 km inland,
which provide an unusual insight into the detailed response of a coarse, clastic
beach environment to changing RSL in Scotland. Of particular importance at this
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site is the presence of The Bar, a semi-detached offshore structure displaying a
series of active and recently abandoned shingle ridges. This provides an ideal
modern analogue for comparison with the relict features further inland.

1.2 EXPERIMENTAL DESIGN AND PROCEDURE

The study was designed to achieve three main aims. Firstly, the description and
measurement of the raised coastal features in the Culbin area was designed to
produce a sea level history for the area. Secondly, the description and
measurement of the present coastal features in the Culbin area was designed in
order to produce a sediment budget for the contemporary littoral environment by
quantifying the rates of sediment transport operating in the present littoral zone.
Thirdly, a comparison between contemporary sedimentation rates and the gross
scale sedimentation, which has been continuous at Culbin throughout the
Holocene period, was aimed at establishing the nature of former responses of
the shoreline to RSL changes and fluctuations in sediment supply.

Investigation of the raised marine features in both Culbin and Burghead Bay
involved field survey and description of the deposits, followed by determination
of their altitudinal relationships. This information was used to compile a
developmental history and sea level curve for the Culbin Forest/Burghead Bay
area over the Holocene period. The development of Culbin Forest has been
influenced by the changes in RSL which have been recorded in the sedimentary
and landform record over the last 10 000 years, and so to fully appreciate the
nature of the development sequence, RSL changes in this sector of the Moray
Firth required investigation.

Production of a RSL curve involved the use of "traditional" sea level indicator
deposits (stratigraphic analysis, dating of organic material etc.) in order to
produce control points for a sea level curve showing trends in RSL over the
Holocene period in the study area. Next, detailed mapping and levelling of the
series of raised shingle storm ridges located between HWST and an abandoned
Holocene cliffline at ca. 9 m OD was required. Given the number, quality and
position of the shingle ridges, a test was designed to assess the potential use of
multiple shingle ridges as potential RSL trend indicators. Deposits were levelled
into a network of OS benchmarks in order to provide internally consistent results,
and to allow comparison with existing reports in Scottish sea level literature as
outlined under IGCP project 274.



The processes operating on the contemporary beach were investigated in order
to quantify the input, throughput and output of sediment in the beach system.
Measurements were made of:-

i) beach profiles and their variation over a two year period;
ii) rates of coastal recession over the same two year period;
iii) waves and currents at the field site;

iv) rates of distal extension (both planimetric and volumetric) of the drift-
aligned landforms of this section of the coast.

Measurement of beach variables was undertaken in order to calculate the
annual sediment transport along this section of the coast. The monitoring of
beach profiles allowed direct evaluation of the amount of sediment exchange
along the coast between fixed periods of time. Profiles were measured at seven
locations, reflecting differences in semi-permanent beach morphology noted
during early reconnaissance visits to the site during 1989. The measurement of
wave and tidal current conditions, both in the field and from secondary sources
was undertaken in order to describe the wave climate and energy regime of this
part of the Firth. The wave data was used as input to a computer generated wave
refraction simulation program designed to provide a potential annual beach
sediment budget, to be compared with the actual sediment regime as measured
from beach profile changes. The calculation of distal extension of drift-aligned
features on the coast was used:

i) as a final control over the sediment budget;

ii) to provide information concerning recent historical changes
experienced along this stretch of coast;

iii) as a comparison between a sand and a shingle dominated drift-
aligned landform.

Quantification of the volumes of sediment involved in the sequential
development of the Culbin foreland was based on the estimation of the volumes
contained in the shingle ridge sequence together with an estimate of the
volumes of sediment removed from the series of river terraces found in the lower
reaches of the Rivers Findhorn and Spey, the two major rivers in the area.
Results from this exercise provided an order-of-magnitude estimate of the



volumes of sediment involved in the production of a large coastal foreland such
as Culbin, and demonstrates the importance of processes acting under different
RSLs to those of the present in understanding the coastal landforms found today
along the southern Moray Firth.

The experimental design outlined above feeds through the remainder of the
thesis, with the three primary aims of the research forming independent lines of
enquiry, but contributing to an eventual understanding of the evolution of the
coastal geomorphology of Culbin as it is seen today.

Chapter 2 will present a review of selected literature relevant to the topics of both
Holocene and contemporary coastal processes and landforms, highlighting
inadequacies and gaps in existing knowledge. Chapter 3 will introduce the
methods employed in addressing the aims, with the results of these
investigations presented in Chapter 4. Chapter 5 is used to discuss the results,
both on a site scale and in the light of available literature, and to assess the
degree of success in meeting the initial aims of the thesis. Chapter 6 provides a
series of calculations of the errors introduced into the various stages of the
calculations in the results, and briefly discusses their potential impact on the
remainder of the investigation. A summary and concluding remarks are
presented in Chapter 7.



21 INTRODUCTION

This chapter aims to review the pertinent literature relating to Holocene sea level
fluctuations and subsequent landform evolution, contemporary coastal
processes and landform evolution, and the possible linkages between these two
aspects of coastal geomorphology. This both sets the scene and highlights any
inadequacies in these fields which may be addressed by this research.

2.2 RELATIVE SEA LEVEL HISTORIES: MEASUREMENT AND
SCOTTISH CASE STUDIES

One of the main aims of this thesis is to understand the nature of sediment supply
and transport in the coastal zone of the southern Moray Firth. The sequence of
RSL changes which occurred during the Holocene provided a set of background
conditions which, arguably, represented the most important controlling factor
over the supply of sediment to the coastal zone. This has proved particularly true
in the development of the Culbin foreland. It is therefore important that the
general nature of RSL change in Scotland, and in the Moray Firth in particular, is
understood.

Prior to reviewing the available literature concerning RSL changes in Scotland, it
is important to understand the nature of the evidence used to construct RSL
histories. Early work on the methodical reconstruction of RSL histories was
heavily based on palynological work, for example Godwin & Clifford's (1938)
work on the English Fenlands. This methodology was supplemented during the
1960s and 70s by the geomorphological approach taken by Sissons & co-
workers, working initially in the Forth Valley in Scotland (eg Sissons, 1962; 1969;
Sissons et al., 1966; Brooks, 1972). The geomorphological approach to
assessing RSL changes advocated by Sissons contrasted sharply with the
combined microfossil and radiocarbon analysis methods employed by Tooley in
his benchmark studies on the RSL history of northwest England (Tooley, 1974,
1978, 1980, 1982, 1985 a,b). Sea level studies in the Moray Firth have been
divided between the microfossil/C 14 methodology (eg Haggart, 1983, 1986,
1987) and a geomorphologically based approach (eg Firth, 1984, 1989a; Firth &
Haggart, 1989). The use, reliability and confidence placed on these various
forms of evidence to reconstruct RSL histories will be critically reviewed.



2.2.1 Indicators of RSL change

The reconstruction of a sea level curve requires careful definition of the deposits
used in the reconstruction. Long a source of debate, both the interpretation of
intercalated clastic/biogenic deposits (most typically used as sea level indicators)
and the inferences built from these interpretations have been subject to change
as understanding increases.

One of the areas of disagreement has been over the terms "transgression" and
"regression". The simplest definition of "transgression" is when the sea covers
the land, and "regression" when the sea retreats (Tooley, 1982). These were the
initial definitions used by Curray (1964), who implied no process associated with
the event. Confusion arose due to the propensity to associate a lithostratigraphic
unit with an implicit process, generally a change in RSL (Tooley, 1982).For
example Koster (1971) discussed the idea of a "Baltic shoreline transgression”,
an impossible event since a shoreline cannot transgress. Jardine (1975) also
erroneously defined transgression and regression as movements of the sea
relative to the level of the land, irrespective of the cause.

When the lithostratigraphic unit under scrutiny is a sea level indicator, then it is
tempting to associate changes in the sedimentology of the deposit with a change
in RSL. For example, Tooley (1974) attempted to relate each of the fluctuations in
his sea level curve for NW England to a minor sea level fluctuation, an error
which was later redressed by Tooley (1982). Other examples of such
interpretations include the curve produced by Sissons & Brooks (1971). Both
Kidson (1982) and Haggart (1986) refer to the difficulty in attempting to relate
lithological and/or vegetational changes to changes in RSL, since a combination
of factors other than RSL changes can have an impact on the sedimentary
record, particularly changes to the nature and the rate of sediment supply
(Curray, 1964).

To avoid such problems, Shennan (1983) advocated the use of terminology such
as increasing or decreasing marine influence to describe the contacts and
reversals in coastal sedimentary sequences. Tooley (1982) described
transgressive and regressive overlaps as sedimentary sequences displaying
increasing and decreasing marine characteristics respectively. Haggart (1986)
furthered this with the use of the dominant tendency in sea level, based on the
interpretation of the deposit alone.



The possibility of such trends appearing at odds with the actual RSL trend was
raised due to the fact that a sufficient supply of sediment could apparently offset a
rise in RSL, creating a regressional sequence under such conditions (Kidson &
Heyworth, 1976; Haggart, 1986; Pilkey & Davis, 1987, Leatherman, 1991).
Unfortunately all of these definitions were designed specifically around the
interpretation of intercalated clastic/organic sequences via microfossil analysis,
and are clearly susceptible to misinterpretation, despite the assurances of
Haggart (1986) that when all the data is considered together the dominant sea
level tendency will become apparent.

Problems also exist with both the interpretation of deposits and the accuracy with
which deposits are inferred to relate to a given sea level. Kidson (1982) pointed
out that established sea level indicators frequently bore only a crude relationship
to the sea level at which they formed. Quinlan & Beaumont (1981) recognized
that a typical error envelope around a sea level curve is often much greater than
the fluctuations the curve attempts to display. This is a particularly pertinent point
when comparing the intricate sea level curves from Britain with the often much
simpler curves from North American sites (usefully summarized in Pirazzoli,
1990). Kidson (1982) and Jardine (1982) reviewed the range of possible errors
in relating sea level indicators to "sea level'. Kidson (1982) regarded the
representation of sea level information as a point on a graph as unrealistic, and
was the first to advocate that the presentation of sea level fluctuations as a single
curve was implying an accuracy impossible to attain given the nature of the
deposits. Firth & Haggart (1989) proposed the use of the indicative range of
altitudes within which a sea level indicator would be expected to have formed,
based on contemporary analogues. These have been used to express the
possible error range inherent in the sample prior to the addition of measurement
error, and are shown in Table 2.1 (overleaf).
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...... Landform.. _; Indicatiyerange (m) :
Saltmarshes 0.30
Mudflats 0.35
Sand beaches 0.40
Shingle ridges 0.80

Table 2.1 Indicative ranges of contemporary landforms (source: Firth & Haggart,
1989)

The discussion so far has centred on the use of "traditional" sea level indicators
such as intercalated clastic/organic sedimentary sequences. The use of other
indicators (shells, driftwood, bones) has not been as widely accepted in British
sea level studies as elsewhere (Andrews, 1970; England, 1983; Evans, 1989,
1990; Dyke et al., 1991), due in part to a dearth of such material in the field plus a
reluctance to use such material, in spite of potentially higher accuracy (Bradley,
1985). Such conservatism has also extended to the use of non-traditional forms
of sea level indicator; in particular the shingle storm ridge. Steers (in discussion,
Lewis & Balchin, 1940) described shingle ridges as "fickle structures", whose
altitude bore little consistent relationship to the sea level which formed them.
Firth & Haggart (1989) stated that shingle ridges in the inner Moray Firth bear
little consistent relationship to other ridges around them, relating instead to the
intensity of the process which emplaced them. However, the authors admitted
that their study site actually contained no contemporary shingle ridges for
detailed analysis to be carried out upon, and relied upon Gray's (1983) estimates
of the ranges of shingle ridge structures, which provided an indicative range of
0.80 m (Table 1).

Despite such doubts, various reports suggest that shingle ridge structures can
provide a useful framework of RSL changes. Lewis & Balchin (1940) were
amongst the first to suggest that while absolute dates could not be obtained,
suites of shingle ridges might be used with caution to reconstruct sequences of
RSL events. They suggested that a change in the absolute height of a sufficient
number of shingle ridge crests related to a change in RSL. This view was
supported by Lake & Shepard-Thorn (1984) and Long & Fox (1988) in studies of
Dungeness on the English south coast, where dating was undertaken using
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historical maps of the coastline. A direct correlation was found between shingle
ridge crest altitude and both the low RSL during the Roman period and the
period of high RSL during the thirteenth century. Other studies employing shingle
ridges as sea level indicators include Mitchell & Stephens (1974) (in Carter,
1983), and Stephens & McCabe (1977).

Whilst the use of individual shingle ridge structures as sea level indicators would
not be advocated, provided sufficient numbers of ridges are present then trends
in their crest altitude may be used to suggest trends in RSL, particularly if
supported by absolute dating from nearby sites.

2.3 RELATIVE SEA LEVEL HISTORIES

In order to understand the regional sea level history of the Moray Firth, it is
important to place local events into a wider chronological framework. The aim of
this section is to describe the sequence of events which have occurred on a
global scale since the last (Devensian) glacial maximum, before discussing the
shoreline response to these events in Scotland, and the Moray Firth in particular.

2.3.1 Global sea levels

There is little doubt from the available literature that global sea levels have risen
over at least the last 12 000 years. Global sea level changes are primarily a
function of the build-up and decay of land ice (Clark et al., 1978; Hansom, 1988),
and subsequent impacts on the hydrosphere. Causative mechanisms are
differentiated between eustatic and isostatic effects. Eustatic sea level changes
represent changes in the shape and level of the global oceans, which exist in
dynamic equilibrium with the gravitational field of the earth (Mérner, 1976;
Dawson, 1992). Isostatic mechanisms represent changes in sea level caused by
changes in the surface level of the land or the sea bed, either due to the effects of
ice loading/unloading (Clark et al., 1978) or due to tectonic activity, and as such
are localized in their detailed response (Mérner, 1976, Pethick, 1984; Dyke et al.,
1991).

Such events have been responsible for changes in sea level of between 100
and 150 m over the Late Quaternary (Devoy, 1987; Pirazzoli, 1991). The close
correlation between large-scale global sea level fluctuations and
glacial/interglacial cycles becomes increasingly indistinct with age. Shackleton &
Opdyke (1976) record between 17 and 20 glacial/interglacial cycles during the
late Pleistocene. Only the last four glacial events can be recognized with

11



certainty in Britain, and only the effects since the last glacial maximum are of
direct relevance to this study.

Attempts to construct a single, universally acceptable global sea level curve
representing purely eustatic changes consumed much effort on the part of
researchers during the 1960s since the production of an initial curve by
Fairbridge (1961) (Figure 2.1). Curves claiming to show "global" sea level trends
were also produced by Jelgersma (1966), Shepard (1963) and Morner (1971)
(Figure 2.1). While the form of all of these curves was largely similar, and the
trends they displayed generally accepted, the nature of the fluctuations which
they displayed proved to be extremely contentious. Fairbridge's (1961) curve
utilized data from many sources, including tectonically unstable areas, and so
the fluctuating nature of the curve could not be relied upon as an accurate
representation of eustatic sea level trends. Additionally, Fairbridge's (1961)
curve suggested that global sea levels had attained altitudes of up to 3 m above
those of the present during the Holocene sea level maximum ca. 6000 BP. This
was in sharp contrast to the smooth curve produced by Shepard (1963), which
suggested that global sea levels during the Holocene had not exceeded those of
the present. Jelgersma (1966) produced a curve of remarkable similarity to that
of Shepard (1963), but was criticized on the grounds of its derivation from sites in
the Netherlands, where net subsidence has occurred over the Holocene. The
effect of subsidence was considered to be sufficient to mask any fluctuations,
should they be present, and thus this curve was also discounted as a valid
eustatic curve. Moérner (1971) produced what was perhaps the closest
approximation to a true eustatic curve, being derived from southern Sweden,
where the impacts of isostatic rebound were known in detail and could be closely
controlied (Figure 2).

After the production of Mérner's (1971) curve, it was soon realized that the
assumptions behind the entire concept of a single, universally acceptable sea
level curve were fundamentally flawed. Developments in geophysics (Peltier &
Andrews, 1976, Farrel & Clark, 1978; Clark et al., 1978) produced a fuller
appreciation of the actual mechanisms associated with changes in the relative
proportions of ice and water on the surface of the earth, and demonstrated that
eustatic changes occurred both discretely, and in conjunction with isostatic
adjustments of the lithosphere.

As a result, the concept of a single, universally accepted eustatic sea level curve
was finally abandoned (Mérner, 1976; Bowen, 1978; Kidson, 1982; Devoy,
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1987). The interplay of eustatic, isostatic and tectonic factors was finally accepted
as producing untenable background conditions from which to attempt to derive a
eustatic signal. From this acceptance came the concept of relative sea level
changes, recorded on a local scale, and representing the movements of both
land and sea level in relation to each other. This proved to be probably the most
fundamental change in the study of former sea level changes, accepting that the
effects of isostasy, eustasy and tectonic effects could not be realistically
separated. Indeed, in terms of the geomorphological reconstruction of the sea
level events recorded at a site, this approach is clearly more useful as it defines
the total record of change, albeit locally, which can then be incorporated into a
wider regional framework. The locally derived differences in the RSL histories of
the sites can then be highlighted. Pethick (1984) summed up this final stage in
the development of a strategy for the study of sea level changes:

"For us, as geomorphologists, relative sea levels are not a second best, but are
an absolute requirement."

Despite the use of relative sea level studies as the accepted means of describing
sea level events, the concept of a eustatic rise in sea level remains. Fairbanks
(1989) produced a eustatic curve from corals in the tectonically stable Caribbean
area (Figure 2.2). This shows that a rise in sea level of ca. 121 m has occurred
since the last glacial maximum. Comparison between this curve and the oxygen
isotope record for the North Atlantic suggested that the periods of fastest sea
level rise were ca. 12 000 and 9500 BP. Much slower rates were recorded during
the Younger Dryas, presumably as a result of the regrowth of ice sheets during
this short period of climatic deterioration.

2.3.2 Scottish sea level histories

Having described the trends in global sea levels over the Late Quaternary,
attention can now be focussed on the interaction between global and local
factors, and their implications for coastal development in Scotland.

Deglaciation led to a rapid fall in RSL around the Scottish coast after ca.
13 000 BP, and with continued isostatic rebound led to the abandonment of
Lateglacial shorelines around the Scottish coast. Due to the relatively small size
of the Scottish ice sheet, Lateglacial shorelines in Scotland are not found above
ca. 40 m OD on the west coast (Dawson, 1992), with altitudes along the Moray
Firth recorded by Firth (1984) at only ca. 25 m due to its distance from the centre
of the former ice sheet. This fall in regional eustatic sea level continued to ca. -45
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m during the Younger Dryas (Mérner, 1971), forming shorelines now located at
ca. 10-11 m ASL on the west coast of Scotland. Their proximity to the former ice
centre suggests that approximately 55 m of glacio-isostatic uplift has occurred
since the Younger Dryas (Dawson, 1992). This fall in RSL was reversed by a
rapid rise in eustatic sea levels, caused by the decay of the Laurentide and
Fennoscandian ice sheets (Fairbanks, 1989), which outpaced glacio-isostatic
uplift in Scotland and caused a rise in RSL (the "Holocene Transgression") of up
to ca. 9 m in the inner Moray Firth (Haggart, 1983). Once decay of these ice
sheets was complete their effect on the eustatic signal effectively ended, but
glacio-isostatic uplift in Scotland continued, heralding the onset of a period of
falling RSL through until the present. Figure 2.3 shows the altitude of the Main
Postglacial Shoreline (MPG), plotted as an isobase map to display the declining
altitudes with distance east along the southern Moray Firth.

2.3.2.1 Firth of Forth

The work of Sissons in the Forth valley during the 1960s heralded the beginning
of rigorous levelling and dating of Late Devensian/Holocene marine deposits in
Scotland. This work formed an informal "model" of RSL changes which
dominated Scottish sea level studies until the 1980s. Sissons et al. (1966)
provides a good summary of early studies in the Firth of Forth.

The oldest (steepest tilting) shorelines in the area were thought to have formed
during the retreat of the Late Devensian ice margin. This was proposed from
evidence of merging of outwash material into the upper raised shoreline
sequence, and demonstrated the encroachment of the sea into the Forth area.
This downwasting was followed by a readvance (the Perth Readvance, now
discredited), which was dated from geomorphological evidence only as
occurring not later than 12 000 BP, and which led to the formation of the Main
Perth Raised Shoreline. A falling RSL was suggested to have followed the
formation of the Main Perth, producing a fall in the altitude of raised shoreline
features at altitudes below the Main Perth in the vicinity of Stirling. Sissons
(1969) explained the presence of a buried gravel layer in the Forth as a product
of a period of general erosion followed by this same low sea stand. Again the
event was undated by absolute methods, but was placed as between 13 000 and
10 300 BP. This theory reappeared in Sissons' later work in the Beauly Firth
(Sissons, 1981). A rise in RSL was thought to have occurred following this low
stand to ca 6 m OD to form the Main Buried Shoreline (Sissons et al., 1966) at
ca. 9500 BP. A second falling period of RSL formed the Low Buried Shoreline at
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ca. 5.1 m OD, and which was abandoned by 8500 BP. RSL continued to fall
before rising again during the rise to the Holocene sea level maximum (Sissons
et al, 1966; Chisholm, 1971), to form the MPG, (located between 16.3 and 6.6 m
OD), before falling to approximately the present level. '

2.3.2.2 Earn-Tay

Using Sissons' work as a baseline, Smith et al. (1969) traced the Main Perth
Raised Shoreline from the Forth valley along the Fife coast and into the Earn-Tay
area. They recognized a slight difference in gradient along the feature (0.07 m
km-1) between the two areas, and interpreted this as demonstrating regional
variation in uplift conditions, sediment supply, degree of exposure and estuarine
configuration. The greater proximity of the Firth of Tay to the minor axis of the
elliptical dome of uplift (centred approximately on Rannoch Moor) was believed
to be responsible for the steeper gradient of the Main Perth in the Firth of Tay.

The sequence of deposits which had originally been interpreted as evidence of
the Perth Re-advance event were suggested by Paterson (1974) to relate to an
older ice sheet in the Perth vicinity, while Frances et al. (1970) thought that the
sequence could also be deposited at the head of an advancing marine delta.
Cullingford (1977) proposed that with the addition to his own field data there was
insufficient evidence to support the concept of a Perth Re-advance, and the event
was dropped from general useage thereafter.

Further work in the Earn-Tay system concentrated on the later Postglacial
situation. Cullingford et al. (1980) dated the Main Postglacial Shoreline (9.8-10.2
m OD) to between 5900-7200 BP, broadly in agreement with Sissons et al.
(1966) in the Firth of Forth. The sequence of sea level events in the Earn-Tay
system began with a fall in RSL during the Late- or early Postglacial, with a
series of stillstands or minor rises in RSL producing a staircase of estuarine
deposits descending in both age and altitude. A later rise in RSL buried these
shorelines and their surface peat deposits with estuarine clays (carse clays),
providing good dating control on the burial event. A bottom peat date from the
Glencarse site (transgression onset) produced a date of 6679+440 BP, and a top
peat date (regression onset) of 6083+40 BP. An unexplained fall in RSL
occurred between ca. 8500-7700 BP, possibly reflecting a similar fall in the Firth
of Forth between ca. 8690-8270 BP.

Morrison et al. (1981) dated the culmination of the Holocene sea level maximum
to between 6679+40 and 6160+35 BP at Glencarse in the inner Firth, whilst at St.
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Michaels Wood in the outer Firth the culmination was found between 7180+70
and 5890+95 BP. These dates broadly correlated with those of Smith et al.
(1985), who dated a rapid rise in RSL to the Holocene sea level maximum onset
at ca. 7600 BP in the same area, culminating between 6240+80 and 6030+80
BP.

2.3.2.3 Montrose Basin

Smith et al. (1980), working in the Montrose area found the same major trends as
found in the Earn-Tay system. A pink silty clay, interpreted as a Late Devensian
unit, was overlain by marine deposits and capped by peats which provided a
date of 7340+75 BP. This peat growth continued with a minor interruption until
ca. 6930+60 BP, when the deposition of the grey silty carse clays occurred
during the Holocene sea level maximum, culminating at ca. 6704155 BP.

In the Philorth valley, Smith et al. (1982) found a minimum date for the
culmination of the Holocene sea level maximum of 6095+75 BP, with peat
growth established on the resultant surface by 5700+90 BP. However this period
of peat formation was halted by a possible second marine incursion suggested
by the presence of a brown silty clay emplaced over peat, providing a minimum
age of 4760+60 BP. The lack of any simultaneous event at any sites along the
east coast suggests that the event may have been localized, although the
authors maintained the inference of a true sea level event from the deposit.

2.3.2.4 Ythan Valley

In the Ythan valley Smith et al. (1983) suggested the same general RSL
sequence as above emerging from the north-east coast, with peat developed
over an early Holocene gravel layer. These peats were buried by carse deposits
which formed the highest Holocene deposit in the area. Again the carse clays
were correlated with the Main Postglacial Shoreline (MPG) further south, both via
altitude, degree of tilt and areal extent. The onset of the carse accumulation was
dated to ca. 6189+95 BP, and ended at a maximum of 4000+80 BP.

2.3.2.5 Moray Firth

The detailed relative sea level history of the Moray Firth will be addressed in
section 2.6.5, and is outlined briefly here for comparative purposes.

Patterns in the trend of RSL movements in the Moray Firth are similar to those
described for the remainder of the Scottish east coast sites described previously.
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Falling RSL during the Lateglacial slowed to a low stand at the onset of the Loch
Lomond Stadial (Synge, 1977; Haggart, 1987), but a postulated rise in RSL
under renewed crustal depression was thought to have deposited a gravel layer
across much of the coastal lowlands of the inner Firth (Sissons, 1981b). This unit
is found at altitudes of up to 10 m OD at Barnyards in the Beauly Firth (Haggart,
1986, 1987).

A fall in RSL is suggested after this time based upon the interpretation of
marine/brackish deposits at ca. 6.5 m OD capped with peat dated 9610+130 BP
by Haggart (1986) (Figure 2.4). This falling RSL was thought to be complete by
ca. 8700 BP, prior to the onset of the rise to the Holocene sea level maximum. A
transgressive overlap in the Beauly Firth was interpreted by Haggart (1986) as
evidence of RSL rising once more by ca. 8800 BP. The culmination of the rise
was dated ca. 6500 BP, leading to the formation of the MPG at ca. 9 m OD in the
Beauly Firth (Firth & Haggart, 1989), and at 6.8 m OD in the Dornoch Firth
(Hansom & Leafe, 1990).

After the peak of the Holocene sea level maximum, falling RSL through to
present is reflected in a series of raised Holocene shoreline features between 9
and 0 m OD along the southern Moray Firth coast (Firth & Haggart, 1989).

2.3.2.6 Summary

To summarize the sea level history of the east coast of Scotland , a Postglacial
low sea stand envisaged for the period prior to 8344+143 BP (Morrison et al.,
1981), was followed by a widespread transgressive event (rising to the Holocene
sea level maximum) between this date and 6095+75 BP (Smith et al, 1982).
RSL then fell, with a possible series of minor stillstands until the present (Smith
et al., 1982).

A noteable feature of the marine deposits of the Scottish east coast deposits has
been the identification of a micaceous silty sand found within the transgressive
carse clay deposits. Dates from peats found within the carse clays around the
micaceous sand layer have provided dates of;

7140120 BP (Smith et al., 1980)
Between 7050+100 & 7555+110 BP (Morrison et al., 1981)

6850+40 BP (Smith et al., 1983)
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After 7080+85 BP (Dawson et al., 1990)

This deposit has been interpreted as representing a high magnitude, low
frequency event by Dawson et al., (1988). They suggested that the layer may
have been deposited by a tsunami event, possibly a result of one of a series of
large submarine landslides known to have occurred off Norway (the Storegga
Slides). The lack of sorting and presence of tychopelagic (deepwater) diatoms in
the deposit would appear to provide support for this mode of formation. One of
these events, the second Storegga Slide, has been dated as occurring ca. 7000
BP, which broadly correlates with the dates from the Scottish east coast.

From this review of the RSL histories of various sites around the coast of NE
Scotland, it is clear that while a generally accepted series of sea level events has
been established, local differences occur in the coastal response to these
imposed changes. Driven primarily by the availability of sediment, these
differences make the establishment of a RSL history essential for a detailed
study of the genesis of Culbin.
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2.4 CONTEMPORARY COASTAL PROCESSES
2.4.1 Tides and tidal currents

The Moray Firth experiences semi-diurnal tides, with high water occurring
approximately every 12.5 hours. The flood tide flows southwards along the
Caithness coast having entered the North Sea from the open Atlantic via the
Pentland Firth. The tidal wave travels through the North Sea, is reflected from the
northern European coast and travels northwards again as the ebb tide. The
entire journey takes three tidal periods (Pethick, 1984).

Examination of the North Sea tidal wave in the Moray Firth (Lee & Ramster,
1981) shows that the flood tide flows south down the coast of Caithness and
Wester Ross, and then eastwards along the southern coast of the Moray Firth.
Current reversal on the ebb tide produces westwards flow into the Moray Firth
and northwards deflection towards Caithness. However, Dooley (1971)
recognized that along the southern coast of the outer Moray Firth an easterly
flowing current exists for up to 9 hours out of the 12 hour tidal cycle. Early work
(Craig, 1959; Payne, 1963) also recognized this element of the tidal pattern of
the southern Moray Firth, and attributed it to an eddy-like circulation pattern
existing in the Firth, an idea which was not totally unsupported by Reid &
McManus (1987). In the offshore zone at Culbin, Craig (1959) demonstrated a
"usual" net bottom water movement trending south from the Easter Ross coast,
displaying a marked east-west divide in the vicinity of Culbin, with currents
flowing both into the inner Firth and eastwards towards Spey Bay, a feature also
recorded by Reid (1988).

The height of the tide determines the level at which coastal processes operate
on the beach profile. Komar (1976) describes micro-scale changes in
topography occurring on the beach profile due to the detailed migration of the
location of the breaker zone.

Tidal streams produce a measureable tractive force, which has implications for
sediment transport at and near the sea bed. Such relationships are described by
the Hjulstrom curve and its derivatives (Leeder, 1982; Briggs & Smithson, 1985).
Tidal currents are prone to reversal near the foreshore, but further offshore are
rotatory (King, 1972), with the swing in direction from flood to ebb taking a longer
period. The difference between the vectors of tidal transport in either direction
over a single tidal cycle defines the residual tidal current (King, 1972). This in
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turn defines the net movement of water and sediment in suspension, and is
therefore an important element in sediment transport studies. Sediment transport
is a cube function of tidal current velocity, and thus a small residual current may
be responsible for considerable net sediment transport (Belderson et al., 1978;
Leeder, 1982). Leeder (1982) also points out that increased turbidity intensity
during decelerating tidal flow may lead to increased sediment transport than
during increasing tidal flow.

Techniques for measuring tidal currents are summarized in Pethick (1984) and
Hemsley et al. (1991).

2.4.2 Waves and wave theory

Waves comprise the most important energy source to the foreshore, and are
mainly responsible for sediment transport and landform development in the
littoral zone. The term "wave" covers features with periodicities ranging over
more than 8 orders-of-magnitude, from water ripples (capillary waves) to
oceanic-scale tidal waves (Leeder, 1982). Of primary concern to this report are
features of up to 101 seconds.

Most of the energy arriving at the shoreline is contained in wind-generated
progressive waves (UN, 1982). The distinction is made between locally
generated wind waves (sea waves) and waves generated in the open ocean and
which have travelled to the point of measurement (swell waves). Sea waves are
typically irregular in wavelength and frequency, whilst swell waves are smoother
in appearance and display more regular wavelength and frequency (UN, 1982).

The rigorous physical investigation of waves involves the assumption that the
sea surface is approximated by waves of different shapes. Two of the earliest
wave forms proposed were the Airy wave (sinusoidal) and the Stokes wave (a
form of solitary wave) (Komar, 1976; Leeder, 1982). These two wave forms were
sufficient for explaining deep water wave propagation, but were insufficient to
describe subsequent shallow water transfomations, and so two further forms
were developed; the cnoidal wave and the solitary wave (Komar, 1976). Of these
the solitary wave form has been generally adopted as the most realistic form for
use in shallow water wave transformation calculations.
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2.4.3 Shallow Water Wave Transformations

As a wave approaches the coast it undergoes transformations in both magnitude
and direction, although its period remains constant. The wave decreases in
velocity and wavelength, with a subsequent increase in height (law of
conservation of energy), and if travelling at an angle oblique to the coastline it
will refract. The increase in height is due primarily to the effect of shoaling but is
also related to the degree of refraction experienced. Corrections for these effects
are outlined by CERC (1984).

Wave refraction occurs when a wave train approaches the coast at an oblique
angle and has been described as "...the most important process on the
continental shelf...resulting in the observed non-uniform wave energy distribution
over the shelf and along the nearshore zone." (Goldsmith, 1976). Refraction
occurs as the direction of travel of a wave train changes so that individual crests
bend to parallel the sea bed contours in order to maintain stage equal to wave
phase velocity (Komar, 1976; Pethick, 1984). This process is outlined in Figure 6.
The amount of refraction which occurs is governed by Snell's Law of optical
refraction:-

sinaq = C1 =Ly &)

sinap =Co=Lo

where o = angle between the wave crest and the
shoreline

C =wave velocity (celerity)

L = wavelength

The law of conservation of energy between orthogonals (rays drawn at right
angles to the wave crests) means that when plotted, a diagram showing
convergence of orthogonals suggests focussing of wave energy, while
divergence of orthogonals results in the spreading of wave energy (Komar,
1976).

Wave refraction modelling involves the "generation" of wave crests in deep
water, plotting their route across the sea bed and finally analyzing the resultant
wave parameters at the shoreline once the various shoaling transformations
have taken place. This procedure was originally carried out graphically (eg
Johnson et al., 1948), but is now usually generated by computer. The output from
these exercises was formerly qualitative, with identification of potential areas of
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erosion and deposition estimated from the convergence or divergence of
orthogonals (Fico, 1978). However, modern computer generated wave refraction
models have made the quantitative analysis of refraction plots possible, making
the method a much-used tool in the study of longshore sediment movement (eg
Davidson-Arnott & Amin, 1974; Goldsmith, 1976; Carr et al., 1982; Mason, 1985,
Mason & Hansom, 1986).

The importance of waves approaching the coast at an oblique angle can be
understood if the transfer of wave energy at the coast is resolved into its
perpendicular components, as demonstrated in Figure 2.5. Oblique wave attack
results in the creation of a shore-parallel current in the vector direction E, the
maghnitude of which being defined primarily by the angle between the wave crest
and the shoreline (a). This longshore wave energy flux (P_) was defined by
Komar (1976) as:

PL = ECn sina cosa (2
where E = wave energy (J)
Cn = wave phase velocity (m s-1) (n = 1 in shallow water)

a = angle between wave crest and shoreline (°)

P effectively defines the flux parallel to the shoreline of momentum directed
towards the shoreline (ECn). Komar & Inman (1970) found no dependence
between this function and the slope of the subject beach in their study, and so
this equation has become the standard for longshore power calculations.

Once calculated, this equation must be transformed to account for a longshore
sediment transport rate. Komar & inman (1970) defined a relationship between
PL and a longshore sediment transport rate (S.), which when converted to Sl
units became:

St =077 P_ (3)

When applying these formulae it must be considered that they do not account for
long term sediment transport, which is more correctly defined as the sum of all
wave effects over a given time period (Leeder, 1982). Along a given stretch of
coastline the incident wave spectrum will consist of a series of different wave
conditions operating for variable periods, with the interplay at the shore of both
locally generated sea waves plus swell waves (Pethick, 1984; CERC, 1984). The
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long term sediment transport value obtained from studies such as these must
account for the entire wave spectrum encountered at a site.

At this juncture two points should be stressed. Firstly, these equations produce
potential values of longshore sediment transport, and as such when used in
practice should be calibrated against field measurements. Secondly, they refer
only to the transport of sand, and as such are not reliable indicators of the
potential transport of shingle under similar boundary conditions.

2.4.4 Wave Recording

The equations described above have been shown to be extremely sensitive to
input wave height and direction. It was thus essential that an accurate record of
the wave spectrum at the field site was obtained if the calculation of sediment
transport by waves was to be as accurate as possible.

Wave recording in the field has been attempted in a variety of ways. The
parameters which are of most importance in coastal studies are wave height,
wavelength and direction of travel. Measurement has been undertaken ranging
from the simplest visual estimates (eg Balsillie & Carter, 1984), a variety of
electronic devices such as sparkers, wave wires and pressure transducers
(outlined in Hardisty, 1988, 1990) through to remotely sensed methods involving
high frequency radar (eg Wyatt, 1990). The main problem with wave data is that it
is difficult to obtain a long, unbroken record due to the frequently harsh operating
environment, which is not conducive to the longevity of sensitive electronic
measuring devices (Hemsley et al., 1991).

The single most difficult parameter to measure accurately has been wave
direction. Wind direction is often substituted as a surrogate variable for wave
approach, and simultaneous logs of windspeed and wave height show a positive
relationship (eg MAREX, 1975). These demonstrate that hindcasting wave
parameters from available meterological data can be a useful method if no other
data is available (eg Davidson-Arnott & Pollard, 1980). Hindcasting techniques
fall into two categories; a simple method for producing a single wave
height/period (the Sverdrup-Munk-Bretschneider method) and a complex but
more realistic wave spectrum model. Both of these are outlined in Komar (1976)
and CERC (1984). The lack of directional wave recording appears to be a
serious deficiency in available coastal literature. As noted above, equations
predicting longshore sediment transport to the input wave approach angle are
extremely sensitive to the value of the input angle of incident wave approach,
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and the lack of detailed attempts to measure such a critical parameter under field
conditions is a problem towards which more effort should be directed.

Fully directional wave recording has only recently become a practical proposition
due to the availability of equipment capable of logging at the high frequencies
required for the differentiation of individual wave crests. Hardisty (1988, 1990)
outlined methods for the constuction of low cost, directional wave recorders, but
these are designed only for relatively short deployments. Longer term
deployments of wave recorders tend to rely on more expensive systems such as
waverider buoys.

2.4.5 Beach sediment budgets

Waves, and to a limited extent tides, form the primary energy sources at the
coast. Expenditure of energy results in the entrainment and/or transport of
sediments, and thus these elements represent the main driving forces behind the
beach sediment budget.

The concept of the beach sediment budget has been used with varying degrees
of success to identify individual components of the coastal sedimentary system.
Once highlighted, this information can then be used to tackle specific problems
associated with either sedimentary depletion or accretion at the site scale. Thus
the method is potentially of great value in the field of applied coastal
geomorphology, where knowledge of even such basic precepts as whether the
sediment budget for an area is either positive or negative is vital if the medium-
long term development of the beach is to be understood in the future.

The sediment budget depends on the principle of the conservation of mass of
sediment in the littoral zone. Specifically the method requires the careful
definition of an operating unit, or coastal compartment;

"...a unit within which it is theoretically possible to compute sediment gains and
losses and so arrive at a quantitative budget statement." (Clayton, 1980).

Within this unit the rate of change of the volume of sediment within the
compartment depends on the rate of input of sediment in relation to the rate of
output (Komar, 1976). A net deficit of sediment resulting from losses to the
compartment outweighing the gains produces a decline in the volume of
sediment on the beach, and vice versa.
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The sediment budget thus attempts to quantify all of the inputs and outputs to the
coastal compartment. Table 2.2 lists all of the possible inputs and outputs of
sediment which may affect a coastal compartment, or cell. Not all of these factors

will affect any one cell or site, and the applicable factors for each site must be
identified.

SI\/H\/H BatancelMH

Longshore in Longshore out Beach

erosion/deposition

Onshore Offshore
Aeolian in Aeolian out
Beach nourishment Beach mining
Cliff erosion Solution and abrasion
Fluvial Loss to submarine
canyons
Hydrogenous Infill of inlets
Biogenous

Table 2.2 Elements of the beach sediment budget (modified from Komar, 1976).

The sediment budget is however somewhat more difficult to constuct than its
simple nature suggests (Carter, 1988), although if applied correctly the method is

potentially very powerful as a predictive tool in coastal erosion problems (Allen,
1981; UN, 1982).

The sedimentary cell requires careful definition and ideally should be
morphodynamically defined in order to provide meaningful conclusions for the
sediment budget. In a simple scenario the boundaries may be defined by marked
breaks in foreshore continuity such as a headland-bay-headland situation.
Frequently though the cell boundaries are not geomorphologically defined and
require the assumption that the boundaries of the cell allow unhindered
convective transport (throughflow) (Carter, 1988). This can cause problems in the
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quantification of a sediment budget, and caution should be taken in the definition
of cell boundaries.

A significant difference exists between the potential and the actual sediment
budget (Carter, 1988). The potential sediment budget is usually calculated from a
modelled wave refraction series run at a site, which provides a value for potential
total longshore transport of sediment. This takes no account of on-site factors,
and simply provides an upper transport limit as defined by input waves and
currents (Carter, 1988). The actual sediment budget may be lower than the
potential value, for example if the actual availability of sediment is lower than that
predicted (eg Allen, 1981; Mason & Hansom, 1988). Such values are used as a
useful calibration of the modelled values, and tend to be derived from beach
profile data taken ideally over periods greater than one year (eg Walton, 1977;
Walton & Polpura, 1977). Examples of the application of beach sediment
budgets have been reported from the Great Lakes (Davidson-Arnott & Amin,
1974, Davidson-Arnott & Pollard, 1980), eastern USA (Allen, 1981; Bruun, 1984),
East Anglia (Vincent, 1979) and Holderness, UK (Mason, 1985; Mason &
Hansom, 1988).

The main problem with the estimation of a beach sediment budget stems from
the often unknown value of the on-offshore component of sediment transport
(Carter, 1988). Clayton (1980) considered that while this component of sediment
transport is important, if rates of longshore transport are high, then these will
probably dominate the sediment budget. On-offshore transport is frequently used
as the 'balancing' item in calculated beach sediment budgets, as in reality inputs
rarely equal ouputs. This use is accepted as valid in the face of the difficulties
inherent in attempting to quantify the shore-normal element of sediment transport
(Komar, 1976; Carter, 1988). Numerical attempts have been made to quantify the
on-offshore element of beach sediment transport (Hardisty, 1984, Hardisty et al.,
1984). The equations produced by Hardisty require detailed measurement of
post-breaking conditions on the foreshore in order to calculate swash and
backwash velocity. While potentially useful, these equations require an
enormous amount of field effort and equipment for relatively short data runs,
provide only potential rates of transport, and are assumed to break down under a
predominantly longshore-driven system, precluding their use in this study.

Provided that the sediment budget is calculated over a sufficiently long timespan,
preferably greater than a year (Clayton, 1980), and ideally up to ten years, then
the method can provide realistic and useful predictions regarding volumetric
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beach changes. The art of the beach sediment budget is the evaluation of the
inputs and outputs so that the outcome of these predictions matches field based
measurements of gross scale changes in beach volumes (Komar, 1976).

So far the primary energy inputs to the foreshore have been described. The
impact of these processes on coastal sediments can be quantified using the
beach sediment budget. However, quantification of the response of the foreshore
to incident variables forms only one aspect of coastal development. In order to
appreciate more fully the range of landforms which are found at the coast, a more
detailed investigation of their formative processes and distinctive morphology is
required.

2.4.6 Shingle Beaches:- processes and landforms

In order to understand the nature of the depositional processes responsible for
the emplacement of the Culbin shingle ridge sequence throughout the Holocene,
it is necessary to examine available literature concerning the more specific
aspects of coarse, clastic beach formation. Due to the differences in the
depositional process environment of shingle beaches, a body of literature
concerning this aspect of contemporary coastal geomorphology has developed
parallel to the literature primarily concerning sand beaches.

A division exists within the literature concerning shingle dynamics in the coastal
zone. Early studies tended to concentrate on the resultant landforms (eg. Lewis,
1932, Lewis & Balchin, 1940), and in particular on the larger examples of shingle
based landforms (eg. Dungeness, Orfordness). Later work concerned itself with
the processes and detailed sedimentology of shingle movement in the coastal
zone (eg Bluck, 1969; Orford, 1975). Only within the last decade has any attempt
been made to combine studies of both sedimentology and landform evolution in
order to understand the process-reponse dynamics of shingle based landforms,
and with reference to past and present responses to changes in relative sea
level.

2.4.6.1 Shingle beaches:- processes

The formation of shingle storm ridges was critically assessed by Orford (1977).
Early theories on the formation of shingle storm ridges stressed the importance of
"destructive" waves, which, upon breaking, would throw shingle forwards (King,
1972), whilst simultaneous beach face saturation would enhance gravity-aided
backwash. This would lead to the deposition of a coarse upper beach deposit,
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while the accompanying backwash would remove the finer beach fraction
offshore. Orford (1977) argued that while such processes can be observed on
shingle beaches, their scale of operation would be too small to account for the
emplacement of a shingle storm ridge at the top of the beach profile. He
proposed a mechanism for storm ridge modification based upon the incidence of
spilling breakers coincident with storm surges at the tidal maxima. Such
conditions would be most likely to produce the required hydrodynamic
environment necessary to produce an asymmetric, onshore force through which
the upper storm ridge crest could be modified.

Longshore shingle sorting has been investigated by Carr (1969) on Chesil
Beach. The extreme degree of longshore sorting on Chesil Beach has long been
a source of debate (Coode, 1853; Prestwich, 1875). Chesil presently receives
very little fresh shingle (King, 1972), and represents an essentially relict deposit
(Carr & Blackley, 1972, 1974) which continues to be affected by contemporary
processes. With little new shingle being added to the beach, shingle sorting is
closely related to the amount of wave energy received. The east end of the
beach is exposed to the majority of high energy wave activity from the Atlantic,
and consequently displays the highest mean clast size, with a reduction in clast
size with distance west as increasing shelter from incident swell produces lower
energy conditions. Underwater studies by Neate (1967) finally disproved the
unlikely suggestion that grading of shingle below LWST along Chesil Bank was
opposite to that found along the foreshore. The relationship between wave
energy and shingle mobility was also recorded by Kidson (1963). Tracer
experiments suggested possible preferential transport of larger material
alongshore (Carr, 1969). Further tracer studies recorded extremely high short
term rates of shingle transport along Chesil Beach, reaching a maximum of 343
m day-1 (Carr, 1971). However this rate was not sustained, and after 165 days
the tracers were only 3952 m from their origin, suggesting burial of shingle was
effective in temporarily immobilizing it. Additionally, changes in the angle of wave
incidence on the beach caused temporary reversals in the direction of longshore
sediment movement, again reducing the net transport rate alongshore (Carr,
1971). The longshore effects of clast shape recognized by Dobkins & Folk (1970)
were recognized in the short term, with evidence of a relationship between clast
‘c' axis length and distance travelled. However, in the longer term this
relationship decayed due to the variable angle of wave incidence experienced
on Chesil Beach (Carr, 1971).
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Studies of shingle mobility at Orfordness (Suffolk, England) by Kidson et al.
(1958) were undertaken using clasts from the natural beach population coated
with radioactive barium 140. The spit at North Weir Point has extended south
from Orfordness by approximately 16 km (Carr, 1965), deflecting the course of
the River Alde and creating a complex series of elongate shingle ridges. Despite
a net southerly extensional trend, under winds from the southern sectors all of
the tagged clasts were recorded as moving north along the spit, with a maximum
migration of 2.2 km in four weeks, and a mean of 0.6 km. However, once waves
were generated from a northern sector, shingle movement was abruptly
reversed. A net southerly migration was recorded even under the incidence of
low (0.6 m) waves, leading to the rapid migration and eventual loss of shingle
from the tip of the spit. Similar effects were recorded on the mixed sand and
shingle spit at Blakeney (Norfolk, England) by Hardy (1964), where the
suggestion of a "drift parting" leading to the separation of fine and coarse shingle
was thought to be caused by the influence of waves from different sectors. Hardy
(1964) considered Blakeney spit to be an essentially relict feature, (as at Chesil),
with little or no fresh shingle being introduced. A strong size gradient was
recorded along the spit, with a reduction in clast size with distance west.
However, the lack of significant erosion along the length of the spit suggested
that while transport of shingle clearly occurred in either direction under different
wave approach, little loss at either end was experienced.

Carter & Orford (1984) discuss the importance of the proportion of sand to
shingle in the beachface in terms of the possibility of transition from reflective to
dissipative beachface conditions. They suggest that low volumes of interstitial
sand in a predominantly shingle beach face will allow continued percolation and
throughflow of back-beach water and swash, maintaining a high storm ridge and
preventing comb-down. However, when infilling of inter-clast spaces reaches
matrix capacity, excess sand will become available for the production of a low-
angled, dissipative sand beach fronting the shingle storm ridge, possibly leading
to increased mobility of the shingle on the upper beachface through decreased
swash percolation. Once sand becomes dominant, the increased mobility of
shingle may produce "overpassing" of sand by the coarser shingle (Carr, 1971)
due to its larger mass and hence propensity to remain in the surf zone (Evans,
1939). Zenkovitch (1967) suggested that in situations where sediment supply is
low, this may lead to downdrift coarsening of sediment.

The submarine mobility of shingle was investigated by Steers & Smith (1956) at
Scolt Head Island (Norfolk, England). Using radioactive tracers, albeit of a
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slightly lower specific gravity than the host population, they recorded movement
of shingle at ca. 8 m depth of water under wave conditions of only 0.6-1.0 m, and
current speeds of 1 m s-1. Kidson et al. (1958) attempted to bracket this depth in
order to delimit a critical depth below which shingle was found to be immobile.
Work at North Weir Point (Orfordness) found no movement at a maximum depth
of 9m, despite windspeeds of up to 10 m s-1 creating relatively high energy
conditions at the time of tracing. Neate (1967) recorded a "dead" shingle zone at
ca. 10 m depth offshore from Chesil Bank, above which shingle was clearly fresh
and mobile, but within which the shingle was weed and barnacle encrusted. In
contrast, King (1972) recorded mobile shingle at depths of 57 m between the Isle
of Wight and Hurst Castle spit on the English south coast, due to exceptionally
high tidal currents in this area (up to 2.3 m s-1) rather than wave generated
bottom curents, as in the earlier studies.

These submarine studies demonstrate a generally consistent picture of shingle
becoming immobile below a critical depth of ca. 9 m, unless exceptional
conditions occur, such as high magnitude storm events (Neate, 1967) or strong
tidal currents prevail (King, 1972).

2.4.6.2 Shingle beaches:- geomorphology

The geomorphology of shingle ridge systems has been summarized from the
study of both large multiple ridge sequences, individual shingle ridges and some
common details from shingle barrier systems.

Shingle beaches in Britain as a whole owe their existence primarily to the
onshore forcing of sediment of all grades during rising RSL leading to the
Holocene sea level maximum. Rising RSL "bulldozed" sediment deposited on
the exposed inner continental shelf floor onshore (Kidson, 1977; Pethick, 1984),
creating a potentially vast store of mixed grade sediment in the nearshore zone
from which beaches could form in close relation to the incident energy conditions
to which they were exposed. This has led to the construction of shingle beaches
in areas unlikely to support such structures today, such as Chesil Beach
(Dorset)(Carr & Blackley, 1972, 1974). Thus with a failing supply of sediment to
the coast, shingle structures in Britain are frequently out of sedimentary
equilibrium with their contemporary environment, and their continued existence
is due in part to their dynamic nature. Such a concept is not confined to British
shingle environments, and Shaw & Forbes (1990) suggest a similar genesis for
the landforms of north east Newfoundland.
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Altitudes of shingle beaches are typically significantly higher than
contemporaneous sand beaches, relating primarily to formation and modification
under storm wave activity (Orford, 1977). The highest recorded altitude of a
shingle beach in Britain is at Chesil Beach, where the ridge crest attains 13.1 m
above HWM at its eastern extremity (King, 1972). Similarly, gradients of shingle
beaches are also higher than their sand counterparts, relating to the size of the
constituent material. Shepard (1963) reported beach face slopes of up to 25° on
cobble (i.e. coarse shingle) beaches, approaching the critical angle of repose
(32°) at which loose sediment can be sustained (Komar, 1976). The degree of
sorting is critical in the establishment of the beach face gradient. McClean & Kirk
(1969) recognized a levelling in the mean beach face gradient with increasing
grain size due to the presence of interstitial sand on mixed sand and shingle
beaches in New Zealand.

Recurving of shingle ridges at their distal ends has been reported from most
major shingle landforms. Early work (eg Steers, 1926) frequently invoked tidal
eddying as the formative process leading to recurving. However, it was also
Steers (1926) who suggested that recurving could occur due to the influence of
waves approaching the distal end of the landform from directions other than the
"dominant" (i.e. net formative) sector. Thus while the supply of sediment to the
distal end continues, the foreshore rapidly swivels to face the incident wave
crests (Lewis, 1938), creating recurves related to the incidence of more
occasional waves. Refraction of waves from the dominant sector also enhances
the supply of sediment around the tip of the distal portion, (King, 1972), although
refracted waves may contribute little to the actual construction of a storm ridge.

The largest shingle ridge sequence in the country is found at Dungeness on the
south coast of England. The feature covers 259 km2 (Cunliffe, 1980), and
displays a series of fronting shingle ridges enclosing the extensive low-lying
marshlands of Romney Marsh and Denge Marsh (Green ,1968). The ridges were
divided into five discrete populations (or 'beaches'), separated by areas of
alluvial fill (Green & McGregor, 1986; Long & Fox, 1988). These beaches have
also been delimited on the basis of ridge/trough altitude, amplitude and
orientation (Long & Fox, 1988).

Levelled transects across the ridge sequence at Dungeness (Lewis & Balchin,
1940; Long & Fox, 1988) revealed much information concerning the altitude,
orientation and density of ridges. Ridge density varies between 32-62
ridges km-1 (Lewis & Balchin, 1940), although estimates of numbers vary in
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detail (Eddison, 1983; Green & McGregor, 1986). Widths of the ridges is between
16-28 m, with ridge flank gradients recorded between 2 & 8° (Green & McGregor,
1986). The anastomosing nature of the Dungeness ridges is a feature of note,
particularly at the distal ends (Lewis & Balchin, 1940; Green & McGregor, 1986).
"Parasitic" ridges are also common, represented in the field as bifurcation
structures fragmenting the continuity of the main ridge crest. Coupled with inter-
ridge recurve features, the presence of parasitic ridges makes the tracing of an
individual ridge crest extremely difficult. The altitude of the ridge crests was
reported by Lewis & Balchin (1940) as bearing little relationship to the adjacent
trough altitude. However, Long & Fox (1988) reported a correlation coefficient of
0.88 between these two variables, suggesting a stronger relationship than
originally thought. Altitudes of the ridges was seen to vary along their length
slightly, with a more significant fall at the "bend" of the foreland (Lewis & Balchin,
1940), possibly as a response to decreased wave energy at this point.

Carr (1965) also reported variations in altitude of only 3-4" (5-7 cm) over a mile
(1.61 km) along straight sections of the spit at North Weir Point (Orfordness),
although variations increased on the recurved sections. This feature differed from
Dungeness in that it had formed as a spit across the mouth of the River Alde,
extending south for approximately 16 km. Development of the spit through wave
activity varying from north-northeasterly through to south-southwest has led to
the formation of a series of recurves at the distal end, although under sustained
wave attack from the southern sectors, the distal recurves have been completely
destroyed. Despite extensive removal of recurves being recorded on three
occasions between 1955 and 1965, the rate of reformation actually exceeded the
long term mean annual extension rate of the spit (ca. 33 m a-1), although
extension on an annual basis was described as erratic. Similarly, Steers (1926)
reported that the spit attained its greatest length in 1897, but storms during that
year removed approximately 1 mile (1.6 km) of the distal end, forcing this shingle
onshore to form the irregular shingle formation of Shingle Street, now attached to
the mainland. Landward translation of the spit was not recorded at North Weir
Point due to the presence of high current velocities and depth of water in the
River Alde. Development of the ridges was seen as extensional, but with the
addition of younger ridges to the seaward face of older ridges, merging with them
at both the distal and proximal ends. This was considered problematic, in that
while it would be simple to differentiate two sequential ridges formed at different
times in a central section of the spit, at either of the end sections apparently
continuous ridges could represent features formed at widely different times (Carr,
1965).
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2.4.6.3 Shingle beaches:- sedimentology

Much of the work on shingle dynamics is based directly upon the principles of
clast size, sorting and shape developed since the 1940s (eg Krumbein, 1941).
Whilst many general observations had been assumed in relation to shingle
shape and size, particularly the increase in sphericity of clasts upon transfer from
a fluvial to a coastal environment, it was readily apparent that many of these
assumptions have only a limited basis in field studies. Sneed & Folk (1958)
suggested that "...particle size has a greater effect on sphericity than 200 miles of
fluvial transport.". Their study in the Colorado River showed a tendency for clast
sphericity to rise with increasing size and then fall again beyond a critical limit.
The sphericity/distance debate was further complicated by the influence of
lithology of the source bedrock, which dominated the results of these early
studies (Sneed & Folk, 1958; Sames, 1966). An ideal control situation was
investigated by Dobkins & Folk (1970) on Tahiti Nui, where a single bedrock
lithology (basalt) made lithological discrimination unneccessary. Clast
roundness was seen to increase from river to beach, whilst sphericity fell due to
the tendency for beach material to slide whilst in transit on the beach face.
Roundness of beach material was seen to correlate with wave height once
emplaced, although the "..surgeon-like.." precision with which beach clasts are
selected for rounding is questionable in its applicability to the varied wave
climate experienced on any British beach. Bluck (1969) suggested that clast
roundness also tended to increase with increasing size before reaching a critical
size and falling again. As might be expected, abrasion was also found to be most
effective in this mid-range clast size, suggesting a possible link, whilst splitting
and crushing processes tended to simply increase with increasing size (Bluck,
1969). Russell (1968) recognized a concentration of grain sizes in the range 1-
6mm (Bluck's [1969] lower clast size range) in beach material, a size class which
he noted was frequently underepresented in fluvial sediment samples. This size
class was not preferentially susceptible to abrasive processes, (Bluck, 1969),
was not mechanically unstable (Russell, 1968), and its concentration in beach
sediments was attributed to preferential transport under fluvial flow regimes.

Sedimentological studies of shingle beaches has been mainly confined to the
beach surface due to the difficulty in penetrating a coarse, disaggregated
deposit. Bluck (1969) and Orford (1975) both described a series of downbeach
shingle facies based upon shape characteristics. The shape selection process
was based upon suspension and pivotability characteristics of individual clasts.
Discs were found to be susceptible to wave/swash turbulent flow, and were
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moved preferentially upbeach, whilst spheres and rollers tended to move under
gravity flow, and were thus found at the bottom of the beach. The sorting process
also occurred in a longshore manner, related to incident wave energy (Carr,
1971; Orford, 1975). Longshore sorting was similarly noted on shingle ridges at
Orfordness (Carr, 1965).

Observations of the cross-sectional characteristics of shingle beaches were
made by Hey (1967) during excavations in the Dungeness shingle complex
during construction of the nearby CEGB plant. The ridges were described as
essentially structureless, with only a general subsurface dip of 8-10° to seaward.
The ridges contained much interstitial sand, a factor recognized by Carter &
Orford (1984) as evidence of low transportability of the surrounding shingle mass
leading to eventual stabilization, as ocurred at this site (Hey, 1967). Increasing
interstitial sand content was thought to lead to reduction in the permeability of the
beach face, leading to eventual decreasing angles of the beach face and
transition from a reflective to dissipative state (Guza & Inman, 1975; Short, 1991).
This was followed by eventual stabilization of the beach. (Carter & Orford, 1984).

2.4.6.4 Shingle beaches:- response to RSL change

Studies of the trends in shingle ridge altitudes at Dungeness on the English
south coast has validated large multiple shingle ridge sequences as reasonably
reliable indicators of RSL change (Lewis & Balchin, 1940). Sufficient numbers of
ridges are essential in such studies in order to offset the inherent degree of
randomness of shingle ridge altitudes due to their relationship with high energy
marine events (Carter, 1983).

Such a study has been undertaken on the shingle plain at Dungeness in
southern England. The general details regarding the geomorphology of
Dungeness were outlined above. Whilst the variation in local storm ridge relief
(crest to trough) was recorded as reaching up to 3 m, the variation in ridge crest
altitude was recorded as "usually small* (Green & McGregor, 1986). This
contrasts strongly with the more usual idea that the process of storm ridge
deposition creates landforms bearing little resemblance to the original sea level
at which they were formed (Steers, 1937). Correlating the five ridge populations
of Dungeness (Long & Fox, 1988) with the development history based upon both
documentary sources (Ward, 1931; Cunliffe, 1980) and absolute dating
techniques show the development of Dungeness to display a trend of relative
sea level changes recorded over the historical period as follows:
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i) RSL stood some 1.7-2.0 m lower than present during the Roman period
(ca 200 A.D.);

i) RSL stood ca. 0.3 m lower than at present around the eighth century
AD;

iii) thirteenth century RSL was approximately the same as at present,
which represented a high stand relative to relative sea level before and
after this period;

iv) rising RSL at ca. 0.3 m century-1 since the fifteenth century AD.
(after Lewis & Balchin, 1940)

Observations of detailed responses of shingle beaches to changes in RSL have
been dominated by studies from shingle barriers rather than fixed beaches
(Carter & Orford, 1984; Forbes et al.,, 1991; Orford et al., 1991). These studies
have also concentrated on recessional scenarios, with detailed measurements of
landform retreat under rising relative sea level. Studies on Story Head barrier in
Nova Scotia, Canada, demonstrate shingle barrier migration through rollover
processes, in particular overwashing, with the transport of sediment over the
crest of the beach through storm wave activity (Orford et al., 1991). However,
these studies were made on a system where longshore transport of shingle was
minimal, representing a considerably different scenario to those where the
primary mode of formation is through longshore extension.

Carter & Orford (1984) and Forman et al. (1987) noted that landward migration of
shingle barriers will occur even under stable RSL situations simply due to the
nature of the sedimentation process, i.e. crest lowering and storm overwash of
clasts, with a lack of a seawards compensatory mechanism to return overwashed
clasts to the foreshore. This occurs despite relative stability in the short term,
partly as a result of the inability of coarse, clastic material to become entrained
except under high energy conditions, and partly through their strongly reflective
shoreface morphology (Short, 1979). Few studies consider the detailed reponse
of shingle beaches to changing RSL under a scenario of strong longshore
transport or under falling RSL. In such a situation the overwash processes
reported by Carter & Orford (1984) would still occur, but their relative importance
would diminish as distal extension dominates the developmental process.
Forman et al.,, (1987), using evidence from dated RSL events in Spitsbergen,
suggested that the rate of RSL decline might be reflected in storm ridge
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morphology. A slow rate of RSL fall would increase the time available for ridge
construction prior to its abandonment, and would produce wide ridges.
Conversely, a rapid fall in RSL would produce only minor shingle strandlines.
However, their argument only considered the effects of RSL change on storm
ridge morphology, failing to recognize the possible impact of chan